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Abstract
In this thesis, the synthesis of a series of brominated alkoxy-substituted
trinaphthylenes (31a-d) was developed using a nickel-mediated Yamamoto coupling as
the main step. Characterization of these compounds led to the discovery of a new set of
broad range liquid crystals. They were found to undergo higher order transitions (i.e.
glass phases/soft crystals/liquid crystal) via DSC, and also to decompose before reaching
an isotropic liquid, as verified via thermogravimetric analysis.

Polarized optical

microscopy showed a texture characteristic of a columnar hexagonal mesophase. In
addition, the aggregation in solution was studied using concentration dependent NMR
studies, and the brominated-derivatives were determined to have an association constant
29 times greater than the trinaphthylene precursors (30a-d). The precursors were newly
synthesized via the Yamamoto coupling reaction in moderate yields with a facile
purification, however did not show any mesomorphic properties.
In addition, the synthesis of a large starphene bearing long alkoxy chains and
ethynyl-TMS groups was attempted (13). The synthesis of this compound was ultimately
unsuccessful, and the challenges are summarized herein. Furthermore, a new method was
found in the preparation of tetranaphthylene (17) by simply varying the concentration of
the Yamamoto reaction solution.
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1. Introduction
1.1 Polycyclic Aromatic Hydrocarbons
1.1.1 Background
Polycyclic aromatic hydrocarbons (PAHs) describe a class of planar, πconjugated molecules. They consist of fused aromatic rings composed of only carbon
and hydrogen atoms. Naphthalene (Figure 1) can be described as the simplest PAH, as it
is composed of two fused benzene rings.

Figure 1:

Naphthalene, representing the simplest PAH with two-fused benzene

rings.
PAHs are widely studied in organic and materials chemistry, because they exhibit
electronic properties that may be useful for applications in organic electronics.
Specifically, PAHs have a low HOMO-LUMO gap and have a tendency to π-stack, and
thus charge transport is possible through the stacks, making these materials
semiconductors. By altering molecular structure it is possible to tune the electronics and
stacking of these compounds, which could provide alternative materials to traditional
inorganic semiconductors.1
The degree of aromaticity of a PAH, reactivity, and other properties can vary
based on how many Clar’s sextets are present, named by and after Erich Clar who
1

completed notable contributions to PAH chemistry. In fact, it was Clar who coined the
term “aromatic sextets”, or benzenoids.2 These are represented by taking the six πelectrons of an aromatic ring, such as benzene, and representing them by a circle to
indicate stability (Figure 2).

Figure 2: Traditionally, benzene is shown with 6 π-electrons, represented in the
leftmost figure.

Due to resonance structures, the six π-electrons may also be

represented by a circle inside of the ring, as shown on the right.
In larger PAHs, the number of aromatic sextets in the structure can be correlated
to the stability of the compound. The more benzenoid species that are present in a PAH,
the more stable and therefore less reactive it is.3 In Figure 3, chrysene and triphenylene
are shown. Both structures contain four fused aromatic rings, however triphenylene can
be represented by three benzenoid sextets and chrysene can only be represented by two.
Consequently, triphenylene is more stable than chrysene.

2

Figure 3: Chrysene, shown on the left, and triphenylene, shown on the right,
represent two isomeric structures of four fused benzene rings.

In a linear acene series, as shown in Figure 4, extending the number of aromatic
rings, does not increase the number of Clar sextets, resulting in an increase in reactivity
and a red shift of absorption spectra as the number of rings is increased.3 Anthracene
appears as colourless solid whereas tetracene appears as an orange solid (structures
shown in Figure 4). Each of the structures only contains one benzenoid, where the
orange colour exhibited in tetracene is caused by the reduced stability, and thus increased
reactivity due to the weakening of benzenoid species.

Figure 4: Anthracene (left) appears as a colourless solid. Tetracene (right) appears
as an orange solid.

3

The number of benzenoids that will be present in the product determines reactive
sites in PAHs. Reactivity will occur at non-benzenoid rings most favourably, as they are
the least stable and will be able to produce benzenoids on adjacent rings if aromaticity is
broken. This explains the relative instability of acenes upon increasing length. In
general, acenes are subject to photo-oxidation and photo-dimerization.4 In anthracene
(Figure 4), the benzenoid appears on any one of the three rings at one time. If a
cycloaddition reaction occurs on one of the terminal rings of the molecule, only one
sextet will be present in the product. This is the same number of benzenoid species that
is present in anthracene and is therefore not likely to form. However, if a cycloaddition
reaction occurs on the central ring, two sextets will be present in the product. This
cycloaddition reaction would result in an increase in the number of benzenoids and is a
favourable reaction site. This reactivity increases in longer acenes due to the stability of
the products that form from the increase in benzenoid species.5,6
1.1.2 Properties of PAHs
PAHs are becoming very important in optoelectronics and organic electronics.7
PAHs that are organic semiconductors, such as some columnar liquid crystals, consist of
π-electron rich structures that have an ability to overlap.

The π-π orbital overlap

interactions between adjacent molecules allow charge to migrate from one molecule to
the next.7 These useful and attractive properties were sought after for uses in devices as
cheap alternatives that are easier to access and easier to modify than conventional
semiconductors.8 PAHs also have the ability to act as organic light emitting diodes
(OLEDs) due to their ability to absorb and emit certain wavelengths of light, depending
4

on their structures.

Organic photovoltaic cells can be composed of PAHs in an

inexpensive manner and even act as a photodetector due to the capability of being
fabricated at low temperatures on various known substrates.9 Alkyl substituted versions
of PAHs are able to organize into columnar stacks and provide an opportunity to exhibit
one-dimensional charge transport, such as in a columnar liquid crystal (Figure 5).10 The
separation between the cores allows for the π-orbitals of adjacent aromatic rings to
overlap.

This leads to one-dimensional conductivity.

However, the charge carrier

mobility is related to the band gap of the material.

Figure 5: Hexakis(n-hexyloxy)triphenylene and a schematic view of its columnar
mesophase.10
PAHs can be very hard to characterize due to their low solubility. It not only
makes synthesis and purifications challenging, but also structure determination via
spectroscopic methods. In some cases, variable temperature NMR needs to be utilized in
order to obtain spectra at all.

In addition to these difficulties, PAHs also tend to

aggregate in solution, making their chemical shifts vary depending on concentration.
With such poor processability, functional groups such as alkyl chains were added to
improve solubility. PAHs can be tuned to form excellent organic electronics due to their
5

extended π-backbone, which results in a low HOMO-LUMO gap. They also have the
ability to organize via π-π interactions, which aids in improved electron delocalization
and charge mobility.11 Attachment of alkyl chains to the periphery of PAHs improves
processability and can aid in self-organization.11

1.2 Starphenes
1.2.1 Background
Starphenes are a special class of PAHs that have a three-fold axis of symmetry.
The term starphene was coined by Clar and Mullen in 1968 to describe a molecule they
made that had three elongated arms.12 They exhibit a planar, rigid character like other
PAHs.

Consequently, starphenes have the ability to form 3-dimensional packed

structures through intermolecular π-π interactions. The charge transfer properties arising
from these self-assemblies may allow them to have excellent opto-electronic properties
that could be useful in organic light emitting diodes (OLEDs), organic field-effect
transistors (OFETs), and organic photovoltaic devices (OPVs). They organize such that
the π-orbitals of the aromatic rings overlap and allow charge transport and stronger
absorptions and emissions to take place, much like other PAHs.11.
Triphenylene (Figure 2, section 1.1.1) is the smallest starphene followed by
trinaphthylene. In 1968, Clar and Mullen reported the syntheses of nonastarphene and
decastarphene (Figure 6) starting from phenanthrene following a series of condensations
and reductions.12
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Figure 6: Nonastarphene (left) and decastarphene (right), first synthesized by Clar
and Mullen in 1968.12
Clar and Mullen synthesized these starphenes to observe the effect of asymmetric
and symmetric starphenes on absorption spectra. They reported a small hypsochromic
shift with increasing annellation of the third “arm” of the starphene. They account for
this by hypothesizing that the third “arm” is cut off from the rest of the conjugation.12
Unfortunately, Clar and Mullen had a difficult time characterizing their starphenes due to
poor solubility. In addition to poor solubility, these starphenes were susceptible to photooxidation and photo-isomerization reactions, much like acenes.
1.2.2 Previous Work
1.2.2a Triphenylenes
Triphenylenes, being the smallest starphene, have been studied extensively. Their
synthetic routes allow extrapolation into larger starphene systems. There are many ways
7

to effectively synthesize them, usually high yielding. They are also interesting due to the
fact that they are discotic starphene molecules that exhibit self-assembling and charge
transport properties, making them potentially useful as organic semiconductors.8
Synthesis of triphenylenes by an oxidative dehydration, using iron (III) chloride,
molybdenum (V) chloride, or vanadium (V) oxytrichloride as the oxidizing agent results
in a cyclotrimerization of bisalkoxybenzene in high yields.13,14,15 However, this method
was found to only be successful with electron-donating substituents on the precursors.

Scheme 1: Oxidative dehydration using iron (III) chloride to obtain triphenylene.
Diels-Alder cycloaddition, between radialene and 1,2-dihalo-cyclopropene was
successfully utilized to synthesize triphenylene in low yields due to the high reactivity of
radialene.16
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Scheme 2: Triphenylene synthesized by Diels-Alder reaction.
Transition metal-catalyzed trimerization of benzynes has been proven as an
effective route to trinaphthylenes using Pd (0) complexes.17 Yamamoto reported the
cyclotrimerization of 1,2-dibromo- or 1,2-dichlorobenzene using Ni(COD)2.17 Although
these methods produce symmetrical triphenylenes, synthetic approaches to asymmetric
triphenylenes are more sought-after because of their materials performance.

Scheme 3: Triphenylene synthesized by palladium-catalyzed cyclotrimerization of aryne
intermediates.

Scheme 4: Triphenylene synthesized by Ni (0) catalyst reported by Yamamoto.
Cross-coupling reactions, such as the Stille, have all been successful routes in the
synthesis of triphenylenes.18 However, the real struggle comes from trying to synthesize
electron-deficient triphenylenes. These syntheses have proven to be challenging, often
requiring harsh condition and providing low yields.18

9

1.2.2b Trinaphthylenes
Trinaphthylenes are planar molecules closely related to triphenylenes in properties
and characteristics. However, contrary to triphenylenes, trinaphthylenes have received
little attention and remain relatively unexplored.
Reporting the synthesis of both triphenylenes and trinaphthylenes bearing
electron-withdrawing groups, Yin et al. developed a novel approach to both, that were
previously challenging to synthesize. They reported the synthesis of imide-substituted
trinaphthylenes and investigated their self-assembly and electronic properties.16 Their
synthetic approach involved a palladium-catalyzed benzyne cyclotrimerization, followed
by bromination of the resulting hexamethyltriphenylene, and finally a Cava reaction in
order to obtain the desired trinaphthylenes (Figure 7). They observed an increase in the
electron affinity (LUMO) as determined by CV and UV-absorption spectra and broad
columnar mesophases exhibited through POM analysis.16 These molecules showed the
potential to organize into long-range ordered columnar structures resulting from strong ππ-interactions and showed promise for n-type organic semiconductors due to their low
LUMO energy levels.16
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Figure 7: Synthetic scheme Yin et al. used to synthesis trinaphthylenes with
electron-deficient imides.16
As alkoxy-substituted triphenylenes were widely studied and known to exhibit a
columnar liquid crystal mesophase, 19 Lynett and Maly explored the analogous
trinaphthylenes in hopes of discovering a new liquid crystalline material with a broader
temperature range due to the lengthening of the aromatic core.20 They reported a new
route to alkoxy-substituted trinaphthylenes from an ortho-TMS-triflate substituted
naphthalene precursor over six steps, employing a palladium-catalyzed aryne
cyclotrimerization as the final step. These electron-donating starphenes exhibited π-πinteractions through aggregation in solution, but did not display a liquid crystalline
phase.20
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Scheme 5: Synthesis of alkoxy-substituted trinaphthylenes via palladium-catalyzed aryne
cyclotrimerization.
More recently, Bunz et al. reported a shorter synthesis of alkoxy-substituted
trinaphthylenes by employing a Yamamoto coupling.21

Scheme 6: Substituted trinaphthyelenes synthesized via Yamamoto coupling.
They explored the crystal packing showing that shorter alkoxy chains, i.e.
methyloxy and ethyloxy, exhibited packing in planes with distances of 3.5 Å with mostly
planar molecules.

Isopropyloxy and n-propyloxy (Figure 8a,b) substituted

trinaphthylenes showed an increase in the distance between layers alternating between
12

3.6 and 3.8 Å.

Isopropyloxy-trinaphthylene (8a) showed no π-π stacking between

parallel stacks, due to a 65 o tilt, with a one-dimensional periodicity between stacks. Npropyloxy-trinaphthylenes (8b) molecules reside in a two-dimensional brick-wall motif.
N-butyloxy molecules (8c) pack the same as n-propyloxy, and n-hexyloxy (8d) reside in a
one-dimensional packing motif with parallel stacks tilted towards each other by 73 o.

Figure 8: Alkoxy-substituted trinaphthylenes (a: isopropyloxy, b: n-propyloxy, c: nbutyloxy, d: n-hexyloxy). N-hexyloxy (d) was prepared by Lynett and Maly in 2009,
8a-d were prepared by Bunz et al. in 2016.20,21

Soe et al. applied Lynett and Maly’s method to synthesize an unsubstituted
trinaphthylene in 2011 in a 30 % overall yield from an expensive 3-bromo-2-naphthol
starting material.22
An oxidative cyclization on a hexa-thiophene substituted triphenylene afforded
the substituted trinaphthylene in moderate yields (Figure 9). 23
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By incorporating

thiophene in the arms of the starphene, enhanced π-conjugation resulted in a small redshift from the triphenylene precursor as well as a reduced HOMO-LUMO bandgap.23
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Figure 9: Luo et al. performed an oxidative cyclization on a hexa-thiophene
substituted triphenylene to obtain the desired trinaphthylene in a 52 % yield.23
Saino et al.24 focused on the synthesis of substituted anthracenes in order to make
substituted trinaphthylenes. They prepared benzyl aldehydes from the cycloaddition of
two diynes followed by oxidation, in order to perform the Bradsher cyclization reaction
on the resulting product (Scheme 10). They obtained substituted trinaphthylenes in high
yields using a triple Bradsher cyclization reaction on a single benzene ring.25
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Scheme 7: Synthesis of substituted trinaphthylene reported by Saino et al.24

1.2.2c Larger Starphene Derivatives
Solubility becomes much larger of an issue with extending the acene arms of
starphenes. As mentioned, Clar and Mullen explored them in 1968,12 however ran into
difficulties when solubility became a factor in characterizing the molecules.
Rudiger et al.26 recently re-examined these larger starphenes by adding a
solubilizing TIPS-acetylene group.

Acetylene groups have been explored in acene

chemistry, normally used to introduce a solubilizing group and provide stability against
oxidation and cycloaddition reactions.

Their synthetic approach began with the
15

dibromoacene intermediates functionalized with two TIPS-acetylene groups and
employed the nickel-mediated Yamamoto cyclization. They were able to obtain soluble
starphenes in over 50 % yields.26 They wanted to see if the C3-axis of symmetry structure
had an influence on the charge transport and if there was 3-dimensional packing
observed, as compared to the analogous acenes. They found that the differences in their
two starphenes differed in crystal packing as seen through X-ray crystallography.
Nonaphene 10a overlaps with two other molecules to form a one-dimensional stacking
pattern. Decaphene 10b self-organizes by building pairs of molecules. An arm from two
molecules overlaps by π-stacking. Electronic studies show the expected result that the
larger starphene (Figure 10b) shows a red-shift in absorption spectra. The experimental
HOMO-LUMO gaps were found to be 2.29 eV and 1.79 eV for the smaller and larger
starphenes, respectively (Figure 10a,b). Compared to the acene analogs, the HOMOLUMO gaps are about 0.2 eV smaller. The larger starphene was found to be more stable
in solution for longer than the smaller starphene, which is opposite to reactivity of linear
acenes. However, they are both stable in the solid state with decomposition temperatures
above 250 oC and 360 oC, respectively, determined by thermogravimetric analysis.26
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Figure 10a,b: Large starphenes prepared by Bunz et al. employing the Yamamoto
cyclization, nonaphene, a, was prepared from a dibromo-tetracene precursor.
Decaphene, b, was prepared from the dibromo-pentacene precursor.
1.3 Yamamoto Cyclization
1.3.1 Introduction to Organic Nickel Coupling Reactions
As described above, Bunz and coworker have successfully made use of a nickelmediated coupling to prepare starphene derivatives. Nickel is a very versatile metal that
mediates many different organic reactions including: nickel-catalyzed cross-coupling
reactions, reactions of alkenes and allyl alcohol derivatives, reactions of alkynes,
reactions of dienes and allenes, cyclooligomerization and cycloisomerization of alkenes
and alkynes, nickel-mediated and –catalyzed carboxylations, carbonylations and
decarbonylations, asymmetric syntheses, and heterogeneous catalysis.27
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Nickel complexes have been used in various homo-coupling transformations in
organic chemistry. Paired with a reducing metal (such as zinc, Mg, or Mn), the reaction
is able to form aryl-aryl carbon bonds. In the first organonickel reactions, direct coupling
of aryl bromides and iodides by nickel (0) complexes was accomplished in high yields.
T.Yamamoto first looked into applying the reactivity of organonickel-based
compounds to synthesize π-conjugated systems, as Grignard and organo-zinc complexes
have been explored in their preparation beforehand.28 This was an attractive approach as
the homocoupling of organonickel compounds occurs under mild conditions and can be
applied to a wide variety of aromatic compounds under various reaction conditions. This
simple method was expected to produce a facile synthesis for π-conjugated polymers
from dihalogenated species.28 T.Yamamoto’s syntheses worked extremely well over a
wide range of dihalo-monomers, ligands, temperatures, and times. Of 28 total runs with
varying constants using 2,5-dihalothiophene and 1,4-dibromobenzene, the average yield
of all of the polymerization trials was 79 % with half of the reaction entries giving
reaction yields of 90 % and over. The most consistent successes occurred with 2,5dihalothiophene polymerizations in a fast reaction of 2 hours.

Depending on if

Yamamoto used PPh3 or 2,2’-bipyridyl as the neutral ligand, differences in yields of the
poly-thiophene polymers were noted. 2,2’-Bipyridyl afforded higher yields while PPh3
afforded low yields. Yamamoto attributed this to the configuration of the intermediates
formed with each of the ligands. Tertiary phosphine ligands are known to form trans-Ni
(II) complexes whereas bidentate bipy ligands result in cis-Ni (II) complexes.27
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A.Yamamoto reported on the stability of the bipy-Ni (II) complex commenting
that it is stable at room temperature.29 Bipyridine is released by decomposition of this
complex, at temperatures above 160 oC. Alkyl-metal complexes are stable to some
degree, and this stability may be caused by the small value of the ionization potentials of
the complexes. These are due to the energy levels of the occupied d-orbitals of the metal.
The occupied orbitals are higher compared to the metal complexes in their higher
oxidation states and the energy gaps between the sigma alkyl-metal orbitals and vacant dorbitals are larger. Bipyridyl could increase the energy gap between the highest occupied
level and lowest unoccupied level as well as the energy difference between the sigmaalkyl-metal orbital and the lowest vacant orbital.27 The reductive elimination of Nicomplexes is normally the rate-determining step.

A.Yamamoto showed that

dialkyl(bipy)Ni(II) complexes are thermally stable and activated in the presence of
electron-deficient alkenes to undergo reductive elimination to provide the coupled
product by coordinating the alkene in the fifth coordination site of nickel (Figure 11).27
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Figure 11: The reductive elimination step of Ni-complexes proceeds faster with
coordination to the fifth coordination site by an electron-deficient alkene.
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The mechanism of the so-called Yamamoto coupling proceeds via an oxidative
addition of dihalobenene to Ni(0) complex in order to form (4-halophenyl) halonickel (II)
complex. This is followed by a disproportionation to give bis(4-halophenyl)nickel (II)
complex and finally, reductive elimination to form the C-C bond (Figure 12).30 Most of
the Ni(COD)2 likely replaces zinc as a stoichiometric reducing agent in other nickelmediated reactions.

Figure 12: Mechanism of Yamamoto coupling.

Reductive elimination proceeds easily in the cis-configuration (Figure 13) of the
nickel-complex, as is present in the bipy complex and the disproportionation involving
the exchange of the anionic ligands may occur easier in the cis-configuration as well.
20

Figure 13: Cis- and trans- configurations of Nickel-complexes.

This homocoupling may looks similar to others, such as the copper-mediated
Ullmann coupling. However the Ullmann coupling usually requires harsh conditions (i.e.
heat and base) and produces low, inconsistent yields and has not been used in a
tricyclization before. The Yamamoto has proven to produce consistent results with much
higher yields.
1.3.2 Applications of Yamamoto Coupling
In 2017, Idelson et al. applied the Yamamoto coupling to a large molecular
spoked wheel structure in order to couple twelve aryl-bromides. Under high-dilution
conditions, they were able to select for an intramolecular reaction over intermolecular in
high yields of 92 % (12 % overall) (Figure 14).31
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Figure 14: An intramolecular Yamamoto coupling is used to form macrocyclic rim
(right) from the precursor shown on left.
Their molecule was able to form columnar stacks in a liquid crystalline mesophase, as
seen by polarized optical microscopy.31
Also in 2017, Schickedanz et al. utilized the Yamamoto coupling in place of
unsuccessful catalytic Ni(II) coupling reactions in order to couple bromo-napthyl
derivative bonded to a central boron atom in overall yields of 40-53 %, with the yield of
the final Yamamoto step between 70-87 % (Figure 15).32 Two insertions on the same
nickel-molecule are statistically unlikely, which provides an explanation for their lack of
success in catalytic Ni-mediated conversions.32
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Figure 15: Yamamoto coupling was used on precursor (left) in order to couple the
bromides creating a borepin (right).32

In 2011, Izuhara and Swager found Yamamoto coupling useful in the synthesis of
poly(3-hexylthiophene)-block-poly(pyridinium phenylene)s. 33

They extended their

copolymers by a Yamamoto copolymerization, which was then converted by an
intramolecular cyclization into the block-copolymer in 92-96 % yield (Figure 16).

O(C(CH3) 3)(CH 3) 2
N
Br

Br
N
(H 3C) 2((H 3C)3C)O

Figure 16: Izukara and Swager used the Yamamoto coupling in order to polymerize
this monomer.33
In 2014, Rudiger et al. used the Yamamoto coupling in a cyclization reaction to
form large cyclotrimers.26 They composed them from literature known, 9,10-dibromo6,13-(bistriisopropylsilylethynyl)-acene precursors.

The Yamamoto approach was

appealing because the solubilizing TIPS- are not stable against fluoride ions, which was
23

required in an approach reported by Lynett and Maly in the synthesis of
trinaphthylenes.Error! Bookmark not defined. Previous syntheses of large starphenes utilized
harsh reaction conditions, so the mild Yamamoto conditions were appealing and efficient.
Rudiger et al. used X-ray crystallography to determine if they obtained the tricyclic
product or the homocoupled one. In 2016, Rudiger et al. once again utilized the mild
conditions of the Yamamoto coupling in order to create a more facile synthesis of alkoxysubstituted trinaphthylenes. First reported by Lynett and Maly, Rudiger et al. use an
early precursor from their synthesis and avoided cumbersome steps like cryogenic
temperatures and the use of BuLi in two steps.20Error! Bookmark not defined. They increased the
yields from 23 % that Lynett and Maly achieved to 38-65 % from the same precursor, and
created a much more facile route to alkoxy-substituted trinaphthylenes. However, this
method has not been tested yet with electron-withdrawing groups.
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Figure 17: Rudiger et al. synthesized these large starphenes using Yamamoto
coupling conditions.26
They found that the molecules exhibited many π-π-interactions in the solid state,
depending on the lengths of the side chains. Shorter side chains, i.e. methoxy and ethoxy,
show a planar packing motif. N-propyloxy and butyloxy form a brickwall packing motif,
displaying the most desired π-π-interactions for device applications, and hexyloxy side
chain promote a one-dimensional stacked motif, likely due to microphase segregation.
Throughout these literature examples, it is obvious that the Yamamoto coupling is
useful for the preparation of small and large polycyclic aromatic hydrocarbons. Starting
from simple dibromo-precursors, it is possible to couple them using a nickel (0) complex
and furnish new aromatic rings. This facile and quick synthesis can be used to create new
materials that were otherwise not attainable because of harsh reactions conditions and
many steps required. Seeing as the major applications of this reaction were in the
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preparation of PAHs, it is possible to create new materials with unexplored uses and
characteristics that could be useful in organic materials.

1.4 Liquid Crystals
Liquid crystals (LCs) describe a wide range of molecules that exhibit an
intermediate phase (mesophase) between a crystalline solid and isotropic liquid.

A

compound that displays liquid crystalline properties is known as a mesogen. There are
two types of liquid crystals, lyotropic and thermotropic. Lyotropic liquid crystals exhibit
mesophases based on the concentration of the mesogen in a particular media whereas
thermotropic liquid crystals exhibit mesophases based on the temperature of the bulk
material. Furthermore, thermotropic liquid crystals can be further categorized by their
shape. Calamitic liquid crystals are rod-shaped molecules and may exhibit different
degrees of order, thus different liquid crystal phases. They have applications in television
displays. Discotic liquid crystal are disc-shaped molecules that typically organize in
stacks or columns. Discotic liquid crystals have potential applications in organic light
emitting diodes, field effect transistors, and organic photovoltaic devices.34
In 1923, flat disc-shaped molecules, triphenylene and perylene, were studied and
the suggestion of a liquid crystalline phase arose, but was not found. However, these
units are now seen as the building blocks to disc-shaped liquid crystals. In 1977, an
experimental breakthrough was achieved and the first discotic liquid crystals were studied
and characterized using polarized optical microscopy (POM), differential scanning
calorimetry (DSC), and X-ray diffraction (XRD).35
26

The study of liquid crystals was driven by the properties and potential they
exhibit. For instance, the self-organization is driven by the shape anisotropy of the
molecules and microphase segregation.

Liquid crystals are typically composed of

molecules with a rigid, flat, aromatic core that is able to participate in π-interactions and
stacking. Long alkyl-chains contribute to the fluidity and microphase segregation of the
molecules, as well as their orientation can affect the shape of the molecule. Π-stacking
interactions are also a large driving force for the organization of these molecules. Rodshaped molecules prefer assembling along a director or lamellar stacks (nematic or
smectic phases) whereas disc-shaped molecules generally organize into 1D columns or
stacks, with some form of stack assembling into rectangular or hexagonal formations.34
1.4.1 Discotic Liquid Crystals
Disc-shaped molecules are able to pack into stacks due to aromatic core overlap
and π-π-interactions.

With aliphatic chains, high entropy and disorder hinders the

formation of a 3D crystalline structure. The columnar stacking leads to microsegregation
of the separate components of the molecules.
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Figure 18: Disc-shaped molecule with aliphatic chains organizes into columnar
stacks.

The columns order in a 2D lattice, with the column axes being pulled parallel to
each other. They may form hexagonal, rectangular, or oblique 2D structures (Figure 19).
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Figure 19: Structures outlining the 2D packing of columnar discotic liquid
crystals.Error! Bookmark not defined.
Like calamitic liquid crystals, discotic LCs are able to form a nematic mesophase.
A nematic phase is the simplest LC phase exhibiting the least amount of order. Onedimensional long-range orientational order is present, with no translational order. The
molecules in a nematic phase are simply organized along a director axis, with no
orientation between the molecules themselves (Figure 20).

Figure 20: Discotic Nematic phase.34

Discotic liquid crystals have the ability to act as organic semiconductors with high
charge carrier mobility. Liquid crystals can have a mean intramolecular stacking distance
of less than 3.5 Å. Overlapping π-orbitals of the aromatic cores of the mesogens allows
for charge carriers to move through the stacks upon chemical doping (oxidation or
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reduction). Charge transport is only possible parallel to the stacks, and is hindered by
impurities and the macroscopic alignment of the stacks.35
In 1980, substituted triphenylenes were explored for their LC properties by
Bouligand et al.36 Substituted triphenylenes have been studied heavily and include many
functionalizations which also exhibit mesophases. These include: alkoxy chains, branch
alkoxy chains, terminal alkyne substitutions, diacetylene spacers, nitro-substituted
triphenylenes, and cyano-substitutions. Symmetry has also been a focus of study on these
molecules to better understand the structure-property relationships.35
However, interestingly enough, alkoxy-substituted trinaphthylenes do not exhibit
mesophases.20

Although only being one benzo-unit longer in length than the

corresponding triphenylenes, this drastically changes the resulting mesomorphic
properties.
1.4.2 Effect of Electron Withdrawing Groups on LCs
Maly et al. investigated the effect of electron withdrawing groups on the
mesophases of dibenzanthracenes, following a study by Foster et al. in 2006.37 Foster et
al. discovered a broad liquid crystal phase for dibenzophenazines, as compared to
dibenzanthracene counterparts without electron-withdrawing groups. In 2012, Maly et al.
studied a series of dibenzanthracene compounds with six decyloxy chains. Surprisingly,
the compound did not exhibit a mesophase, however on the substitution of monobromo or
cyano as well as dibromo or cyano, a broad liquid crystalline phase was observed.38 The
idea for an electron withdrawing group substitution on their compounds to induce a
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mesophase came from previous work which included electron withdrawing heteroatoms
within the core of the dibenzanthracene.39 Upon substitution with electron-withdrawing
bromine and cyano, their compounds exhibited broad liquid crystalline phases of a
hexagonal columnar phase. Cyano-substituted compounds exhibited a broader phase than
bromine substituted analogs. This was also observed in work by Bushby et al. on pentaand hexaalkoxytriphenylenes.Error! Bookmark not defined.
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Figure 21: Maly et al. prepared this series of dibenzanthracenes containing EWGs
which induced broad mesophases.

In 1995, Boden et al. explored the reactivity and mesophases of nitro-substituted
triphenylenes. In a symmetric hexa-alkoxy triphenylene, nitration occurred in 70 % yield
and the resulting product could be further functionalized into an amino, acylamino, azo,
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and azido group. The nitro product broadened the liquid crystal phase of the substituted
triphenylene by lowering the melting temperature and increasing the clearing point.40 All
of their modifications resulted in a broadening of the liquid crystalline phase, and was
caused by introducing a polar substituent which shows to increase the attraction between
cores. The introduced dipole moments stabilizes the mesophases via ferroelectric or
antiferroelectric coupling interactions within the columnar phase.Error! Bookmark not defined.

1.4.3 Mesophase Characterization
LCs have specific techniques needed to characterize their phases and packing
structures. These include polarized optical microscopy (POM), differential scanning
calorimetry (DSC), and X-ray diffraction (XRD) which tell the LC phases based off of
characteristic textures, the enthalpy of phase transitions, and the distances of molecules
within a stack and between stacks, respectively.
Polarized optical microscopy (POM) is a technique that utilizes polarized light to
illuminate a birefringent sample, like a liquid crystal, in order to observe textures
indicative of the phase. Birefringence is an optical property, where the refractive index
depends on the polarization and direction of light. This results in a phenomenon known
as double refraction. Upon illumination, the sample will show different patterns, or
textures, that are representative of a phase. Upon heating, a liquid crystal phase may
form in which order is observed through the microscope, however dark areas may be seen
which indicates areas where the molecules are aligned perpendicular to the light. Finally,
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upon heating the isotropic liquid phase, no light is passed through the sample as it is all
blocked by the random orientation of the molecules in the sample.41
Differential scanning calorimetry (DSC) is a thermoanalytical technique that
measures the amount of heat required to increase the temperature of a sample. In order to
undergo a phase transition, a sample will require more heat than a reference sample, as
the resulting transition, from solid to liquid or liquid crystal, is endothermic.

An

instrument measures this and displays a graph showing the enthalpy. A large amount of
heat is normally required for transitions from solid to liquid, or liquid to gas, however
smaller amounts of heat are required for transitions such as solid to glass phases or liquid
crystal to liquid crystal transitions.42
Thermal gravimetric analysis (TGA) is a thermal analysis technique in which the
mass of the sample is measured as a function of time. TGA can provide information on
desorption and sublimation as well as decomposition temperatures, especially if they are
above the temperature of the DSC or POM instruments.43
X-ray diffraction is a technique used for phase identification of crystalline and
semi-crystalline materials. X-ray waves are passed through a liquid crystalline sample,
where the rays are then scattered. The scattered waves are detected and averaged such
that diffractions rings are presented around the axis of the beam. In a liquid crystalline
phase, X-ray diffraction can tell the intercolumnar spacing as well as the intramolecular
spacing within the column. This technique is necessary to identify the phase of a liquid
crystalline material, by noting the reflections present in the spectrum. For a columnar
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hexagonal phase, (100) and (110) reflections are normally observed and may be used to
calculate the distance between molecules within a column and the distance between two
adjacent columns.44

1.5 Molecules with Cavities
1.5.1 Triptycenes and other iptycenes
Unlike the planar, 2-dimensional PAHs mentioned in section 1.1, triptycenes and
other iptycenes exhibit a 3-dimensional, rigid structure that is bulky and π-electron rich.
They are a versatile structure for the design of new organic materials.
Iptycenes consist of arene rings joined together to form bridges of [2.2.2] ring
systems. Triptycene is the simplest iptycene, which contains three benzene rings in a
paddlewheel conformation, thus maintain a large free volume (Figure 22). 45 An
interesting structural feature of triptycenes is that the three benzene rings are not
conjugated. Because of their shape, they are normally highly soluble compounds, even in
polymeric form due to the prevention of dense packing due to the free space this
molecule takes up.
An iptycene is usually described by its prefix, indicating how many arenes are
present in the structure. Pentiptycene is an example of a larger iptycene where it has five
arenes including a sterically shielded central benzene ring (Figure 22).

35

Figure 22: Triptycene (left) and pentiptycene (right) are example of molecules with
cavities.
Iptycenes can also be described as a set of triptycene-based hosts that contain
arene-lined cavities. They’ve shown an ability to be able to complex solvent molecules.
An example of this is triptycene itself, which has been shown to form a 1:1 crystalline
complex with acetone.46
Iptycenes not only have an intramolecular cavity, but they also have been shown
to have thermal stability, self-assembly behaviour, electrochemical properties, chemical
sensory abilities, and bioactivity.47 These features make them very interesting to explore
and model for future applications.
1.5.2 Heptiptycenes
Heptiptycenes are a class of iptycenes bearing seven benzenoids in the structure.
Different isomers may exist, but the one of interest and perhaps the most explored is the
one shown in Figure 23 with two enforced cavities.
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Hart et al. first synthesized heptiptycene as a side product in 198148 and the
crystal structure of heptiptycene was first reported by Frank et al. in 1995.46 They grew
the crystals successfully from a slow evaporation of 1-chlorobenzene. In a unit cell, they
report zigzag ribbons which form channels that are filled with 1-chlorobenzene
molecules.

The heptiptycene molecule is D3h symmetry, as calculated by DFT

calculations, however in the crystal lattice it is reduced to Cs.46

Figure 23: X-ray crystal structure of heptiptycene.46
The bonds in the central ring of a benzocyclotrimer, such as heptiptycene,
alternate in length and exhibit interesting electronic properties.46
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1.5.3 Synthetic Approaches
Early syntheses of nonplanar, benzocyclotrimers involved chloroolefins treated
with butyllithium. The strained alkyne intermediate was trapped in 1981 by Hart et al.
(Figure 24).48

Figure 24: Strained alkyne trapped by Hart et al. in 1981. This was formed
subjecting 11-chloro-9,10-dihydro-9,10-ethenoanthracene to n-BuLi and isolated in a
50 % yield.48
Unsymmetrical alkyne intermediates can produce two diastereomers, a syn
diastereomer which has C3 symmetry and an anti which has Cs symmetry.49 The normal
ratio is 1:3 syn/anti. The driving force of the cyclotrimerization is the formation of a
stable aromatic ring, although due to its varying bond lengths, it acts more as a
cyclohexatriene than benzene. In using copper (I), the syntheses of benzocyclotrimers
improves in its chemo-selectivity, where it may avoid the alkyne intermediate.
Organolithium reagents are not forgiving to many functional groups, so a set of milder
conditions was sought after. Fabris et al.49 utilized bromo(trimethylstannyl)olefins and
using Cu(NO3)2·3H2O in THF created the cyclotrimers shown in Figure 25.
Interestingly, the reaction turned out to be chemoselective in that all anti disastereomer
was formed. Tin-tin homo-coupling is more favoured than tin-bromo hetercoupling.
Thus, the three waters present in the copper salt would quench any organo-cuprate
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resulting from tin-copper exchange. This is known as proto-destannylation and would be
responsible for low yields of the cyclotrimers.49 To bypass this, they used anhydrous
copper (I) salt and dry conditions to achieve the iptycenes in good yields (80%). The
ratio favoured syn diastereoselectivity in 9:1 ratios.

Figure 25: Syn and anti isomers of cyclotrimer product made by Fabris et al..49

In 1959, Craig and Wilcox reported the formation of triptycene through an adduct
intermediate of anthracene and p-benzoquinone followed by a reduction using a hydride
source such as LiAlH4 or NaBH4, although only in a 15 % yield.50 However, this was a
much more facile approach to triptycenes than previously reported by Bartlett et al. who
also went through a quinone intermediate but involved numerous trials with harsh
reductions.51
In 1963, Friedman and Logullo reported the use of anthranilic acids as useful
precursors to the formation of benzynes.52 They were able to successfully react the
benzyne by reacting it with anthracene and forming triptycene in yields of 50-75 %.
They were able to use 5-bromoanthranilic acid and 5-methylanthranilic acid to create the
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corresponding substituted triptycenes, however other modifications were normally done
on anthracene.

Scheme 7: Formation of triptycene via anthranilic acid as the precursor.
Benzynes have specific synthetic limitations. Namely, iptycenes bearing sidechains at multiple positions requires multiple steps and this lowers the overall yield,
despite providing the benefit that side chains increase the solubility and provide easily
accessible sites for further modificiations. Taylor and Swager introduced a new synthetic
approach that involved a Rhodium-catalyzed cyclotrimerization to obtain 9,10triptycenediols. First, a solvent dependent cis-selective diyne-addition onto anthroquione
resulted in the appropriate precursor to the final [2+2+2] cycloaddition with a terminal
alkyne.53,60
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Figure 26: Taylor and Swager’s [2+2+2] approach to substituted triptycenes.60

Larger iptycenes are much more difficult to synthesize than the simplest,
triptycene. In 1974, pentiptycene was created through a Diels-Alder reaction between a
triptycene benzyne and anthracene, however the yield was only 10 %.

Hart et al.

improved this yield in 1981 however the same synthetic approach was taken, using
1,2,4,5-tetrabromobenzene to synthesize the initial triptycene benzyne.54

Scheme 8: Representative synthesis of pentiptycene.54
Hart et al. pioneered the development of methods to prepare iptycenes.48 They
discuss the synthesis of substituted pentiptycene from 2,3-triptycyne and anthracene with
a 10 % yield. The synthesis of the triptycyne took four steps to synthesize. They also
report a reaction with a para-dibromo-para-alkyl substituted benzene, with a strong base
to again create a benzyne and perform a Diels-Alder on anthracene, yielding only 4 % of
product. More easily accessible was the synthesis of pentiptycene quinone that’s reported
in high yields and from inexpensive precursors (benzoquinone and anthracene). Hart et
al. were the first to report the synthesis of heptiptycene (Figure 23). They obtained it as
a minor side product in a reaction with 11-chloro-9,10-dihydro-9,10-ethenoanthracene
with butyllithium (Scheme 8).
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According to Evan’s pKa table,55 vinyl hydrogens have a pKa of ~50 in water.
When a proton is removed, the lone pair of electrons remains in the sp2-orbital that are
not conjugated throughout the system. Huebner et al. exploited this when he synthesized
the very first heptiptycene in 1970. They utilized 9,10-dihydro-9,10-ethenoanthracene,
11-chloro-, and 11-carboxylic acid- to metalate the vinyl proton positions using
butyllithium. The vinyl proton was removed to generate a carbanion intermediate that
persists at low temperatures. Upon increasing temperature, LiCl was eliminated and a
bicycle-intermediate resulted. The nucleophilic intermediate then reacted with another
bicycloalkyne in order to undergo a thermal ring closure and LiCl elimination in order to
give the heptiptycene in poor yields (Figure 27).56 They noted a downfield shift of the
bridgehead protons from the comparable molecules, triptycene, due to steric compression.
Steric compression results from the bridgehead protons being forced into a position due
to the sterics of the benzenoids of the molecule. They also noted a change in the spectral
band to shorter wavelength (hypsochromic shift) and a decrease in the absorbance of UVlight, as compared to triptycene, which can be attributed to the isolated benzenoids. They
reported a melting point of 580 oC indicating a highly thermally stable compound.57
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Figure 27: Mechanism of original synthesis of heptiptycene in 1970 by Huebner et
al..57
Fabris et al. showed that copper (I) and (II) salts as well as Pd (0) complexes are
able to promote cyclotrimerizations.49 Hermann et al. utilized these discoveries in order
to synthesize heptiptycenes functionalized with methoxy esters or carboxylic imides on
the ends of the cavities. 58

They began with a Diels-Alder reaction between

tetramethylidene and DMAD, followed by an oxidation. Dibromination followed by
dehydrobromination was used to obtain the desired mono-bromo vicinal precursor
functionalized, similar to Huebner’s, but functionalized with four methoxy esters.
Cyclotrimerization was accomplished through Heck-type reaction conditions in only trace
quantities. This was improved through an approach reported by Dyker et al.,59 where
they optimized conditions in order to achieve the heptiptycene in 77 % yields from the
dibromoalkene precursor instead of the monobromoalkene precursor. They presumed the
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mechanism involved a disproportionation of two R-Pd(II)-Br species, similar to the
Yamamoto explained in Chapter 3.1. However, the resulting Pd(II) is thought to be
reduced back to Pd(0) through tributylamine present, or a combination of
triphenylphosphine and potassium carbonate in the reaction (Figure 28).56

44

Figure 28:

Schematic by Hermann et al. for the synthetic approach to

heptiptycenes.56
In order to create the carboxylic imide heptiptycenes, the dibromo-anthracene
bicycle was converted into the bisimide, then using the optimized tricyclization
conditions, the corresponding heptiptycenes were achieved in 27-47 % (Figure 29).56
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Figure 29: Imide heptiptycene reported by Hermann et al.
Inspired by the synthesis of heptiptycene tetraquinone, Luo et al. made slight
modifications in order to achieve the desired product as a mixture of two isomeric
products instead of the previously reported three.47 The synthesis involved a double
Diels-Alder reaction of triptycene bisquinone and two equivalents of 1,2-dimethoxy
anthracene. From the heptiptycene tetraquinone, they performed a series of reactions in
order to obtain cyclododeciptycene quinones (Figure 30).47
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Figure 30: Heptiptycene tetraquinone prepared by Luo et al.47
1.5.4 Applications
Iptycenes are known to have an internal free volume that can be used in the
alignment of molecules, to attract guests and act as a host, as well as form an array of
molecules within an organized system. In 2007, Taylor and Swager created a series of
iptycenes that increased the thin-film quantum yield of fluorescent polymers, improve the
porosity and mechanical properties of polymers, and favoured the alignment of
fluorophores in liquid crystals.60

Scheme 9: Substituted iptycenes that increased the thin-film quantum yield of
fluorescence polymers.
Triptycenes supramolecular systems have been studied, in terms of host-guest
chemistry and molecular cages. Because of their internal free volume, Swager et al.
showed that these molecules could be aligned by liquid crystals. 61 Iptycenes are
attractive building blocks for creating new functional polymers that are soluble without
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any side chains due to their inability to densely pack because of their internal free
volume.
Pentiptycenes, with a sterically-shielded benzene ring, have applications
pertaining to the inner benzene ring.

It was used in stabilizing polymer films by

preventing π-stacking, thus increasing the quantum yield in thin solid films.61
Increasingly important, fluorescence of thin films undergoes fast response to vapours of
benozoquinone and nitroarenes, such as 2,4,6-trinitrotoluene, which is so successful that
it is available as a commercial devices which allows for the real-time detection
comparable to trained canines.56

Figure 31: Pentiptycene.
Pentiptycenes can also be functionalized to form a more specific receptor where
the pentiptycene and corresponding ether linkage can interact with a metal ion through
cation-π- and ion-dipole interactions.61
Yan et al. synthesized a hydrogen-bonded organic framework which utilized the
triptycene units as non-coplanar attributes to create a system with high surface area.
Using imidazoles on triptycene units, they were able to organize into a three-dimensional
structure via hydrogen-bonds creating pores in the supramolecular structure.62 With all of
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the aromatic rings exposed to the channels, guests are able to interact with every possible
molecular surface. The channels formed by the triptycene units can occupy 54 % of its
volume with C60 molecules and other π-enriched molecules like p-xylene and toluene.
Triptycenes functionalized with one, two, or three perylene bisimide units on each
of the benzenoid rings were fabricated into photovoltaic cells and tested for their
properties. They observed no π-stacking in X-ray diffraction patterns due to their nonplanar geometry. The molecules exhibited high organic solubility due to their non-planar
structure. By attaching the perylene bisimide structure to triptycene units, they prevented
the self-aggregation of these molecules.63

Figure 32: Triptycene functionalized with one perylene bisimide unit.
Emandi et al. reported the use of triptycenes as cyanide sensors by introducing a
Schiff base onto the molecule. This resulted in a selective chemosensor for cyanide ions
only, as other nucleophilic anions did not produce a noticeable changed in fluorescence.64
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Figure 33: Triptycene with one Schiff base functionalized onto the molecule.
Hermann et al. utilized their functionalized heptiptycenes (phthalimide
functionalized), a D3h symmetric compound, to determine if they would make useful
chemosensors or catalysts. They first had to test the absorprtion and emission spectra to
see if they could even be useful in the mentioned applications. From parent compounds,
the heptiptycene bearing phthalimide groups appeared very red-shifted in UV-Vis
spectrum, proving that there must be a conjugative interaction between chromophores
despite their formal isolation.56 The fluorescence emission was fifteen times greater than
parent compound, which could be used for signaling analytes.
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Figure 34: Heptiptycene functionalized with phthalimide groups.
Benzotri(benzonorbornadienes) have been explored in molecular recognition
studies to observe complexation with C60, similar to calixarene.65
Host-guest characteristics of heptiptycene have not been studied, however the
benzene floor with two enforced cavities may be able to host a guest molecule of
appropriate size. As noted above, there are many uses for these 3D structures with
cavities that are currently unexplored.

1.6 Tetranaphthylenes
1.6.1 Previous Work
Tetranaphthylenes are not well-studied structures.

However, their analogous

counterpart, tetraphenylenes, are well-studied with multiple different functionalized
versions synthesized and reported with ease (Figure 35).
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Figure 35: Tetraphenylene (left) and tetranaphthylene (right).
The only reported synthesis of tetranaphthylene was reported in 1987 by Wong et
al.66 They chose to study this system to compare to data reported on triphenylenes that
showed that they could form clathrate inclusion compounds with various guests of
different sizes. In order to synthesize tetranaphthylene to test its clathrate inclusion
ability with p-xylene, they began by forming an ylide from 2,3-dimethylnaphthalene
using a phosphonium salt.

Once formed, it was reacted with naphthalene-2,3-

dicarbaldehyde in a Wittig reaction with lithium ethoxide in order to obtain the
corresponding dinaphthalene cyclooctadiene in 1.5 % yield. An ethoxy functionalized
dinaphthalene cyclooctadiene was also isolated in 18 % yield and could be converted to
dinaphthalene cyclooctadiene in 42 % yield with lithium diisopropylamide (LDA)
(Scheme 10).
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Scheme 10: The only reported synthesis of tetranaphthylene.66

A tetrabromination of the central cyclooctadiene ring was performed followed by
dehydrobromination to obtain the resulting dicycloalkyne (Scheme 10).
The resulting species was subjected to Diels-Alder with isobenzofuran to form the
endooxide. Deoxygenation followed using TiCl4, LiAlH4, and NEt3 in THF to afford the
tetranaphthylene in 77 % yield (Scheme 10).
A 1:1 clathrate between tetranaphthylene and p-xylene formed and was found to
be air-stable, and its stoichiometry and structure were determined by X-ray
crystallography.
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As this is the only reported synthesis, functionalized tetranaphthylenes have never
been explored, so it is unknown how modifications would affect their electronic or host
properties, which was further explored in my work.
1.6.2 Tetraphenylenes
Analogous tetraphenylene compounds have been more widely studied, namely for
their applications as clathrate compounds. Tetraphenylene was discovered to have a
“tub” shape and because of that, was thought to have uses due to its cavity. Huang and
Chen also found that the density of the crystal was much larger than the density of normal
hydrocarbons, indicating that a host-guest interaction could be occurring. 67 They
synthesized tetraphenylene by the pyrolysis of biphenylene in the liquid phase. They
obtained clathrate crystals by slow evaporation in guest solvents such as
dichloromethane, THF, and cyclohexane, as well as eight others.
In 1944, studies were done on tetraphenylene by Karle and Brockway.68 They
attempted to fit tetraphenylene to a planar model but naturally encountered some issues.
They determined that the 8-membered ring is not coplanar and doesn’t have equal
distances. They confirmed this by brominating dibenzocyclotetracene, proving that it had
an analogous saturation to ethylene opposed to benzene. Due to its nonplanarity and
saddle shape, tetraphenylene has been found to have broad applications in materials
science, supramolecular chemistry, and asymmetric catalysis.34
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Figure 36: Tetraphenylene shown in its nonplanar orientation.
Rapson and Shuttleworth first synthesized tetraphenylene in 1943 by reaction with
cupric chloride and Grignard reagent prepared from dibromodiphenyl.69 They observed a
16 % yield with a low solubility in organic solvents and gave solvated forms of crystals
in benzene, tetrachloromethane, dioxane, and others.
In 2016, Pan et al. synthesized a series of 2-substituted tetraphenylenes via
transition metal-catalyzed method.70 The substitutions included ones that could be used
as functional handles in further syntheses: acetoxylation, halogenation and carbonylation.
Through optimization they were able to successfully functionalize tetraphenylene in
yields of 75 %, 80-98 %, and 83 % respectively.
Laschat and Giesselman reported the synthesis of liquid crystalline alkoxysubstituted tetraphenylenes and showed they exhibited columnar mesophase. Similarly,
Hau et al. introduced alkoxy and oligoethylene glycol substituents in the 1,8,9,16
positions which gave smectic A mesophases.34
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Figure 37: Alkoxy- and oligoethylene glycol substituted tetraphenylenes.

1.6.3 Properties
In a computational study in 1994, tetranaphthylene, perylene, and naphthalene
were studied.71 The naphthalene units of tetranaphthylene make a 130

o

angle with the

units directly bonded. The calculated fluorescence spectrum does not show any “eximertype” fluorescence. The orthogonal binapthyl units only provide the ability for a weak
overlap between adjacent groups. Opposite units, are involved in direct overlap between
π-orbitals. Luminescent and phosphorescent spectra are very closely related to those of
naphthalene.
1.6.4 Applications
As tetranaphthylenes have been shown to form clathrates, they could be further
developed to act as hosts to certain molecules. Seen from the single crystal structure,
similar to iptycenes, they have a two enforced cavities due to their non-planar shape
(Figure 38).66
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Figure 38: Crystal structures of tetranaphthylene.66

2. Research Objectives
Initially, Bunz’ work on large starphene molecules using the Yamamoto coupling
was very inspiring,26 and we aimed to prepare a similar starphene molecule to determine
if a liquid crystalline phase could be observed.
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Figure 39: Bunz’s startphene (left),26 target compound (right).
We imagined incorporating long alkoxy-chains on the ends of the molecule to
help with microphase segregation in the self-organization of the molecules. We also
chose to use trimethylsilyl-ethynyl groups instead of triisopropylsilyl-ethynyl groups as
we aimed to functionalize the ring closer to the center of the molecule. We hoped the
functionalization in that position would provide added stability against photooxidation
and dimerization.
Upon synthesizing this molecule, the Yamamoto cyclization was tested to ensure
our methods matched with Bunz’s. We first utilized dibromo-naphthalene and obtained
trinaphthylene as well as tetranaphthylene (Figure 40).

58

Figure 40: Trinaphthylene (left) and tetranaphthylene (right) made from Yamamoto
coupling of dibromonaphthalene precursor.

This unexpected result lead into an exploration of the Yamamoto coupling
reaction, using dibromonaphthalene as well as alkoxy-derivatives. We then aimed to
perform cycloaddition reactions on these molecules using benzyne precursors in order to
obtain heptiptycenes and observe the molecular recognition capabilities.
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Figure 41:

Heptiptycene target molecule, which was aimed to be achieved via

benzyne cycloaddition on trinaphthylene.

The Yamamoto cyclization was also aimed to prepare a series of alkoxysubstituted tetranaphthylenes, which has never been explored before. This objective
came from the isolation of unsubstituted tetranaphthylene (Figure 42).

Figure 42: Alkoxy-substituted tetranaphthylenes, which were aimed to be
synthesized using the Yamamoto coupling.
Finally, the Yamamoto coupling was used to prepare alkoxy-substituted
trinaphthylenes (Figure 43). They were to be tested for liquid crystal properties and
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further functionalization with electron-withdrawing bromo-groups to observe the selforganization of its liquid crystal mesophase as well as in solution.

Figure

43:

Alkoxy-substituted

trinaphthylenes

are

prepared

and

further

functionalized using bromines.

3. Synthesis of extended starphenes with long alkoxy chains
and TMS-ethynyl groups
3.1 Introduction
Large starphenes were first explored in 1968 by Clar and Mullen,12 however they
came across many issues with characterization due to the insolubility of the large,
symmetric PAHs. In 2014, Rudiger et al. revisited large starphenes by a new synthetic
route utilizing a nickel (0)-mediated coupling, as well as incorporating solubilizing
ethynyl-TIPS groups to aid in characterization.26 Using this method, they were able to
achieve the starphenes in over 50 % yields and fully characterize their solid-state packing
along with absorption spectra and cyclic voltammetry.
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From this recent study, we chose to incorporate long alkoxy chains onto the large
starphene to potentially impart liquid crystallinity. In addition, our target compound
places the TMS-alkyne groups closer to the center of the starphene, in order to improve
stability and allow further modifications to produce non-planar structures. Shown below
is the target compound (Figure 44).

Figure 44: Rudiger et al. prepared the starphene on the left. The compound on the
right shows the target starphene compound.
Rudiger et al. were able to drastically improve the solubility of large starphenes
by introducing ethynyl-TIPS groups compounds and even achieved solution stability and
large decomposition temperatures.26 We sought to incorporate TMS-ethynyl groups,
similar to Bunz’s, as solubilizing groups and functional handles for further modifications
to create non-planar structures (Figure 45). We also chose to incorporate long alkoxy
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chains in order to potentially produce a mesomorphic compound and increase the
solubility throughout the synthesis.
OR
OR

RO
RO

OR
OR

Figure 45: Non-planar structure that could be synthesized by further functionalizing
starphenes.

The non-planar structures shown in Figure 45 can be accessed by linking the
alkynes in an intramolecular reaction. These non-planar systems can be explored for
host-guest interactions.

3.2 Synthetic Approaches, Results and Discussion
Our initial approach was a seemingly simple three-step reaction that involved a
benzylic bromination of hexamethylbenzene to get 1 in 84 % yield. This reaction was
reported by Kasko and Pugh and involved refluxing in 1,2-dibromoethane (DBE).72
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Scheme 11: Initial reaction scheme to obtain extended starphenes.
The next step of the reaction involved a Cava reaction with synthesized 6,7dibromonaphthalene-1,4-dione (7). Compound 7 was synthesized in 4 steps, as seen in
Scheme 12. Thiophene was first brominated in a reaction to produce compound 4 in 99
% yield as a fluffy beige solid.73 The bromines in the 2- and 5- positions of thiophene
were selectively debrominated using zinc in refluxing acetic acid to afford the desired
3,4-dibromothiophene in 77 %.73 Compound 5 was oxidized using hydrogen peroxide
and trifluoroacetic anhydride to create compound 6 as a yellow oil in 77 % yield.74
Compound 6 was then reacted with benzoquinone in a Diels-Alder reaction.
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This

cycloaddition reaction releases SO2 gas as a byproduct and results in a black-sludge,
which required a filtration and workup to obtain the crude product as a dark yellow solid.
This was followed by column chromatography in order to obtain the desired compound 7,
in yields usually lower than 46 %.75 In the presence of an iodide source, compound 1 was
supposed to form a radialene intermediate and then react with the dienophile, 7, to
produce compound 2. However, upon workup, the product was unable to be isolated.
The crude NMR did not show any presence of the product.

Scheme 12: Synthesis of 6,7-dibromonaphthalene-1,4-dione.
The following reaction would have been a functionalization of the quinones to
provide functional handles and aid in solubility, however it was not performed.
Instead, a new approach was executed, still employing the Cava reaction, and
instead functionalizing the precursor, 10, before cyclization. This approach begins with
an SN2 alkylation of catechol to achieve didecyloxybenzene (8) in 91 % yield after
heating for 2 days (Scheme 13).75 This was followed by a bromomethylation using
paraformaldehyde in order to obtain the ortho-bromomethylene groups (9) in 62 %
yield.76 Compound 9 is able to form a diene in the presence of KI, and when reacted with
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7, forms the tetracene-quinone, compound 10, as a yellow solid.77 Compound 10 was
subjected to the Yamamoto cyclization conditions as reported by Rudiger et al.26 The
reaction also proved unsuccessful.
The synthesis of 11 was not an easy feat, however upon optimization of
conditions, was able to be synthesized and isolated in 41 % yield and carried onto the
next reaction.

Scheme 13: Synthesis of tetracene precursors and cyclization attempts.
Upon the isolation of enough precursor 11, the Yamamoto cyclization could be
performed again. This time, the quinone groups were functionalized so we expected to
see the product form, as Rudiger et al. performed the Yamamoto cyclization on a similar
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precursor. Unfortunately, upon workup, the product was not seen in the crude NMR as it
is believed sterics interfered with the cyclotrimerization.
The first attempt at producing a starphene involved a 3-fold Cava reaction
(Scheme 11). However, this reaction was unsuccessful. This can be attributed to the fact
that it was a 3-fold reaction that required heat, and was perhaps not left for as long as it
needed to react fully. As each arm of the starphene forms, the aromaticity is then spread
about the fused aromatic rings, thus as each arm is made, the reactivity of the benzene
decreases and makes the diene less likely to form.
Upon the synthesis of compound 10, a Yamamoto cyclization was attempted and
proven unsuccessful again. Quinones have been shown to react with nickel complexes to
form salt-like materials. 78 In an example with p-benzoquinone, a black, insoluble,
hydroscopic and paramagnetic material was obtained. However with duroquinone, a
diamagnetic complex is formed and is highly stable in air and increased temperatures.
These examples could show some insight to the stability of oxygen-containing
compounds with nickel and explain why a product was not able to form.
The synthesis of compound 11 was first attempted using a procedure reported by
modified from Payne, Parkin, and Anthony.79 The conditions were then modified to a
procedure by Debin et al.80 Following the unsuccessful attempts, the amount of time
after the addition of compound 10 was altered.

Thus, the amount of time of the

nucleophilic attack was decreased incrementally. The time was first decreased to 90
minutes, instead of overnight, just to see if there was a drastic difference in the results.
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To our surprise, after the reduction, the product was visible in the crude NMR. However,
isolation was unsuccessful as the amount was extremely small. Upon decreasing the time
to 80 minutes, 11 % of the pure product could be isolated. Further time alterations
eventually led to the product being isolated in a 41 % yield, allowing 30 minutes for the
nucleophilic attack to occur. The trials of this reaction have been summarized in Table 1.

Reaction
Conditions

Time (1)

Time (2)

Yield (%)

A

15 min

12 h

Unknown product
formed

A

2.5 h

12 h

Unknown product
formed

B

30 min

30 min

Unknown product
formed

B

30 min

90 min

Product present –
too small to
calculate

B

30 min

80 min

11 %

B

30 min

55 min

Product present –
too small to
calculate

B

30 min

30 min

41 %

B

30 min

10 min

23 %
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Table 1: Summary of trials for the ethynylation of compound 10. Reaction conditions
are as follows: A: 1) n-BuLi, THF, -78 oC, 2) Add 10, -78 oC – rt, 3) SnCl2, AcOH/H2O,
60 oC, 10 min. B: 1) n-BuLi, Et2O, 0 oC, 2) Add 10, rt, 3) SnCl2, CH3CN/THF, rt, 1h.

A Yamamoto cyclization reaction was attempted on compound 11, resulting in the
starting material being consumed but no product forming. This indicates that perhaps an
intermediate formed and could not react further, possibly due to the sterics of the bulky
TMS groups. This roadblock led us to find a new approach to this method, and further
explore the Yamamoto cyclization reaction.
It was a surprise that the Yamamoto cyclization did not work to produce the
starphene 13. Bunz’s group reported a similar starphene, without alkoxy chains and a
TIPS-ethynyl group located on the ring indicated in Figure 46.26
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Figure 46: Bunz’s tetracene precursor (left) and our synthesized precursor, 11
(right).

Bunz’s tetracene utilizes a TIPS-ethynyl group functionalization, on the secondmost outer benzene ring of the tetracene, denoting the ring with the bromines as the
innermost as it would form the central ring of a starphene. Also of note is that Bunz’s
starphene does not have any further functional groups on the outermost ring, or anywhere
else on the tetracene. They could aid in the formation of the starphene, as bulky side
chains were not impeding the reactivity.

As seen from the earlier chapters, a

disproportionation needs to occur (Figure 47), where two of the bromo-nickel-species
need to form NiBr2 and bromotetracene-nickel-bromotetracene species, so that it may
reductively eliminate to produce the first coupled product. If the TMS-ethynyl groups are
too close to each other when they are bound to the nickel, they may cause them to twist
away from each other and prevent the third cyclization from forming fully. The alkoxy
chains’ electron donating capabilities could affect the reactivity of the precursors with the
nickel.
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Figure 47: Disproportionation step in the Yamamoto coupling.

3.3 Summary
In summary, a 3-fold Cava reaction of hexabromomethylbenzene was attempted
in the preparation of an extended starphene compound. In addition, a new synthetic route
was developed in the synthesis of compounds 9, 10 and 11. Many trials of reaction
conditions had to be accomplished in order to obtain a useable yield of compound 11
which are summarized in Table 1.

The Yamamoto cyclizations of both the

tetracenequinone (10) and TMS-ethynyl tetracene (11) were unsuccessful, leading us to
believe the sterics of the bulky TMS groups were too close to the central ring such that
the reaction was prevented. Further studies into the Yamamoto cyclizations were then
explored in the following chapters.
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4. Synthesis of nonplanar heptiptycenes
4.1 Introduction
As mentioned in the introductory chapter, the synthesis of heptiptycenes requires
harsh conditions and usually gives very low yields.48 They have been explored for their
clathrate properties, however require much more in-depth studies of host-guest
properties. Studies performed on triptycenes and pentiptycenes show promise in the
properties of these compounds.

As outlined in the section 1.2, attempts to make

heptiptycenes were usually proceeded through one method, using an olefin-chloro
precursor and n-BuLi, and achieving the product in small yields as a minor side
product.48 From the difficulties in the syntheses of unsubstituted heptiptycenes, this led
to the exploration into the Yamamoto cyclization, originally explored by Rudiger et al. in
2014 for the cyclization of dibromoacenes.26

We imagined a facile synthesis of

heptiptycenes by a Yamamoto cyclization, followed by three benzyne cycloadditions in
order to obtain the heptiptycene (Scheme 14). We imagined being able to explore the
host-guest characteristics as well as incorporate solubilizing alkoxy-chains and
monitoring the effects on the host-guest properties of the molecules.
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Scheme 14: General scheme for the preparation of heptiptycenes.

4.2 Synthetic Approaches, Results and Discussion
The idea for this project came from an exploration into the Yamamoto cyclization.
The first objective was to synthesize trinaphthylene from 2,3-dibromonaphthalene,
followed by a cycloaddition reaction using a benzyne precursor in order to obtain the
heptiptycene.

The

synthesis

first

began

with

a

2-step

process

from

1,2,3,4,5,6,7,8,13,13,14,14-dodecachloro-1,4,4a,4b,5,8,8a,12b-octahydro-1,4:5,8dimethanotriphenylene (Scheme 13) reported by Danish et al.81 This naphthalene adduct
underwent an electrophilic aromatic substitution using bromine and iron as the Lewis
acid in refluxing dichloroethane to achieve the brominated naphthalene adduct in 83 %
yield.81 A retro-Diels Alders reaction took place, where hexachlorocyclopentadiene was
collected as a colourless liquid.81 After purification, this product was then subjected to
the Yamamoto conditions of 2.05 equivalents of 1,5-COD, 1.25 equivalents of 2,2’-bipy,
and 1.25 equivalents Ni(COD)2 in THF at room temperature for 16 hours, all prepared in
a glove box and kept under inert atmosphere (Scheme 15).26

Compound 16 was

successfully made in 41 % yield and able to be scaled up effectively to produce 1 g of
product.
The motivation for this project was the use of Yamamoto cyclization to prepare
symmetric PAHs, as reported by Rudiger et al..26 Once it was determined that the
Yamamoto coupling was successful in producing trinaphthylene 16 with a good
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conversion, the synthetic hurdles had to be worked out. The naphthalene starting material
(15) is not very soluble in THF, however it is almost all consumed in the reaction. The
workup, however, proved very difficult as the trinaphthylene product was extremely
insoluble. The workup by Rudiger et al. involved a silica plug to remove the NiBr2
byproduct. However the eluant revealed that a lot of product had not been eluted by the
actual mass recovered. Many solvents were used to try and elute the product, however it
was not very successful. After determining the insolubility of compound 16, it was
determined that the remaining reagents could be dissolved in EtOAc however a silica
plug was still needed to remove the nickel species which resulted in a loss of product. As
seen in Scheme 13, a tetranaphthylene side product, 17, was also observed, and will be
discussed in the following chapter.

Scheme 15: Novel synthetic route towards heptiptycenes.
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To begin with the cycloadditions, anthracene was used as a model compound to
represent one arm of the trinaphthylene molecular in order to determine a suitable
benzyne precursor for this system. Anthracene was first recrystallized from ethanol to
ensure it was pure and intermediates would not affect the reactivity or solubility. A
procedure was used from Bertani et al. that involved 1,2-dibromobenzene and n-BuLi to
make the benzyne in situ.82 They reported a reaction time of 12 hours, but at the failure
of that reaction time, it was increase to 24 and even 48 hours, all providing unreacted
anthracene starting material (Scheme 16).

Scheme 16: Trial exploring benzyne precursor on anthracene as model compound.
Next, a procedure was used from Granda et al. to make a diazonium carboxylate
in situ, which would then be heated to produce the benzyne through the elimination of
CO2 and N2 gases. 83 However, upon workup, anthracene was recovered in almost
quantitative yields (Scheme 17).
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Scheme 17: Trial exploring benzyne precursor on anthracene as model compound.
The next trial to find an appropriate benzyne precursor involved making isolating
a diazonium carboxylate salt, then reacting it with anthracene in a separate reaction. The
reaction yielded a fluffy yellow solid in 94 % yield (18).

The product was not

characterized, as it has a potential to be explosive. It was stored in the freezer under inert
atmosphere and used the next day. The reaction involved anthracene, the synthesized
diazonium carboxylate salt, and propylene oxide, which acts as a trapping agent for HCl
to aid in the reactivity of the salt. It is heated, and the evolution of the two gases is very
visible. Upon workup, the crude NMR clearly showed the consumption of anthracene,
and the formation of triptycene (21). The product was not purified as it was not being
used further (Scheme 18).

Scheme 18: Trial exploring benzyne precursor on anthracene as model compound.

After finding a suitable benzyne precursor that would hopefully work on our
system, it was time to test it on the synthesized trinaphthylene. The first reaction used the
same conditions as the reaction to make triptycene, however the trinaphthylene starting
material was recovered.
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The next trials were executed using a benzyne that could be generated under
milder conditions.

2-(Trimethylsilyl)phenyl trifluoromethanesulfonate reacts in the

presence of a fluoride source. Thus, the first reaction conditions attempted involved
trinaphthylene, 2-(trimethylsilyl)phenyl trifluoromethanesulfonate, cesium fluoride in
CH3CN at room temperature for 40 hours.
trinaphthylene starting material.

This again resulted in recovering the

It was hypothesized that solubility of both the

trinaphthylene starting material and the cesium fluoride could be preventing the reaction
from occurring, thus the next trial used a 1:1 mixture of THF/DCM as the solvent, in
which the trinaphthylene starting material is more soluble in and tetra-n-butylammonium
fluoride as the soluble fluoride salt. Once again, upon workup the trinaphthylene starting
material was recovered. Table 2 shows a summary of the trials attempted of Scheme 19,
varying the solvent and amount of solvent. In each of the trials, the trinaphthylene
starting material was recovered. A trial was completed omitting trinaphthylene 16 while
involving all of the starting materials. Unfortunately, after workup, the crude NMR did
not provide any conclusive evidence to what had occurred.
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Scheme 19: Heptiptycene reaction conditions.

Trial

Conditions

Result

1

Fluoride source: CsF

Recovered SM (16)

Solvent: CH3CN

2

Fluoride source: TBAF

Recovered SM (16)

Solvent: THF/DCM

3

Fluoride source: TBAF

Recovered SM (16)

Solvent: Toluene (4 mL)

4

Fluoride source: TBAF

Recovered SM (16)

Solvent: Toluene (10 mL)

5

Fluoride source: TBAF

Recovered SM (16)

(XS)
Solvent: Toluene (10 mL)

Table 2: Summary of trials of benzyne cycloaddition reactions on trinaphthylene 16.
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This led us to believe that the solubility of the trinaphthylene starting material was
preventing the reaction from proceeding. This theory was tested by using a much more
soluble trinaphthylene starting material, hexakis(decyloxy)trinaphthylene (30c), and the
same conditions as Trial 5.

Figure 47: Hexakis(decyloxy)trinaphthylene (30c), used as a soluble trinaphthylene
to test the reactivity of cycloadditions.
Surprisingly,

the

hexakis(decyloxy)trinaphthylene

starting

material

was

recovered, indicating that solubility was not preventing this reaction from occurring.
This now led us to believe that these trinaphthylene systems were not active towards
cycloadditions.

This

was

tested

using

trinaphthylene

16

and

dimethyl

acetylenedicarboxylate (DMAD), in o-xylene at 145 oC for 12 h (Scheme 20). Upon
workup, it was obvious that the starting material was consumed and bridgehead protons
could easily be seen in the NMR indicating the reaction proceeded.

The product

produced was a 1:1 ratio of all syn/2 syn, 1 anti isomers, which was inseparable via
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chromatography. This disproved the hypothesis that the trinaphthylene systems were
inactive towards cycloadditions.

Scheme 20: Cycloaddition of DMAD onto trinaphthylene.

Figure 48: Isomers of compound 19, all syn shown on the left and 2 syn/1 anti on the
right.
The reaction with DMAD (Scheme 20) gave two isomers: one of the isomers had
all three of the DMAD groups on the same face of the molecule (all syn), and the other
isomer had two of the DMAD groups on the same phase and one on the opposite (2 syn, 1
anti) (Figure 48, left and right respectively). This was verified in the 1H-NMR spectra
(Figure 49).
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All syn isomer

2 syn/1 anti isomer
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Figure 49: 1H-NMR spectrum (5.5 – 8 ppm) of compound 19.
The six doublet of doublets present in the aromatic region, represent the aromatic
protons of compound 19.

The four singlets at ~5.8 ppm, represent the bridgehead

protons. The doublets of doublets have a ratio of 2:3:1, representing the isomers. The
isomer that has all of the DMAD additions on the same face is represented by the two
largest double of doublets at 7.34 and 7.00 ppm and the corresponding bridgehead single
at 5.87 ppm (also integrating to three). The next isomer that was produced has one
DMAD functionalization on an opposite face to the other two. This structure would
produce four separate aromatic signals: two doublet of doublets coming from the DMAD
functionalization that is on the opposite face, and two doublet of doublets coming from
the two DMAD functionalizations on the other face, with an integration doubled the
value of the other set of doublet of doublets. From Figure 49, we can clearly see four
sets of doublet of doublets, one set of two with an integration of two, and the other with
an integration of ~1. This isomer will have three distinct bridgehead protons signals, two
from the functionalizations on the same side, giving an integration of 1 each, and one
from the DMAD functionalization on the opposite face, giving an integration of 1. The
mass spectrometry data showed a found m/z ratio of 822.2545, while the calculated m/z
ratio was 822.2516. This proves that the compound was indeed synthesized. However,
the purification of this compound was very tedious. It was performed on a small scale,
for testing purposes initially, and after two columns, was nowhere near pure.
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Recrystallization attempts were made, however the DMAD groups made compound 19
extremely soluble in all solvents tested.

4.3 Summary
Trinaphthylene 16 was synthesized from literature reactions in 3 steps, employing
a Yamamoto cyclization which worked in good conversions, however resulted in low
isolated yields due to the insolubility of compound 16 in organic solvents. A suitable
benzyne precursor was found and tested in the synthesis of heptiptycene 18, however
starting materials was recovered. A benzyne precursor generated from milder conditions
was used, however the reaction with 16 still resulted in starting material recovery, and no
heptiptycene product formation. The starting material 16 was proven to be reactive
towards cycloadditions by the formation of product 19 by the cycloaddition with DMAD.
Heptiptycenes were not formed in the approach, and for further studies, alternative routes
need to be explored.
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5. Synthesis of unsubstituted and alkoxy-substituted
tetranaphthylenes.
5.1 Introduction
In section 4.2, it was briefly mentioned that a tetranaphthylene side product was
observed in the synthesis of trinaphthylene 16. Nonplanar tetranaphthylene are very
sparse in literature and their properties have not been studied in detail. In fact, the last
known synthesis of unsubstituted tetranaphthylene was reported in 1987 in a tedious,
multi-step series of reaction.Error! Bookmark not defined. Furthermore, the synthesis of alkoxysubstituted tetranaphthylenes has never been explored or reported at all. This sparsity of
studies on tetranaphthylenes piqued our interest in the synthesis of alkoxy-substituted
tetranaphthylenes from the now familiar Yamamoto cyclization. We were excited to
explore the self-organization and molecular recognition properties of these unexplored
compounds.
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Figure 50: Target tetranaphthylene compounds to be synthesized via Yamamoto
cyclization.
5.2 Synthetic Approaches, Results and Discussion
Tetranaphthylene 17 was first synthesized by varying concentration of the starting
material, 15, in the total concentration of the Yamamoto reaction. The discovery of this
tetranaphthylene 17 was accidental and was noticed as a side product in the Yamamoto
cyclization to make trinaphthylene 16.

The objective was to be able to select for

trinaphthylene 16 or tetranaphthylene 17 by varying a particular reaction condition. In
the synthesis of TIPS-acetylene functionalized starphenes, Rudiger et al. report a
dropwise addition of the dibromo-starting material in a solution of THF. Thus, the first
parameter that was altered was the rate of addition. Two trials were performed of the
exact same conditions. The solution of starting material in THF was added through a
pipette, not dropwise, for one trial, and slow over 10 minutes for the other trial. Upon
workup, the crude NMR showed both products in both trials without a noticeable
difference. In the next set of trials, concentration was varied. The first trial were the
original conditions that were tested, where the tetranaphthylene product was not seen at
all. The concentration was determined to be 0.047 M of starting material 15 in the total
volume of THF in the reaction. The comparison trial was extremely concentrated, as we
hypothesized that that would be ideal conditions for tetranaphthylene formation, as it was
less favoured and needed a high concentration of starting material present at one time to
be able to form.

The concentration of the second trial was made six times more

concentrated at 0.282 M. In the first trial with a concentration of 0.047 M, solely
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trinaphthylene product was formed. In the second trial with a concentration of 0.282 M,
a ratio of 0.4:1 tetranaphthylene/trinaphthylene was seen. It was not possible to go any
more concentrated to improve the yield, as the starting material 15 was not very soluble
in THF. These results were reproducible and consistent. However, the isolated yield of
the tetranaphthylene 17 was only 12 %. This was much lower than was expected from
the crude ratio, and this was due to the high solubility and similar polarity to
trinaphthylene 16. Purification was achieved by column chromatography, which severely
decreased the yield, followed by dissolving the mixture of trinaphthylene and
tetranaphthylene in ethyl acetate, and removing the insoluble trinaphthylene 16.
Next, it was sought after to take our optimized reaction conditions and test it with
dibromo-bis(alkoxy)naphthalenes so that we could synthesize alkoxy-substituted
tetranaphthylenes (Scheme 21). The synthesis of the appropriate starting materials was
taken from Lynett and Maly, which began with a tetrabromination of 2,3dihydroxynaphthalene in 71 % yield.20 This was followed by a selective debromination
in order to get compound 24 in 85 %. The SN2 alkylation of the hydroxyl groups resulted
in three dibromo-bis(alkoxy)naphthalenes of different chain lengths. The yields for the
hexyloxy, octyloxy, and decyloxy chains were 53 %, 74 % and 46 %, respectively
(Scheme 21). This preparation was scaled up to produced the compounds 25a-c in multigram yields. The following reaction required a concentration of the starting material, 25,
as a concentration of precisely 0.282 M. This was achieved through two additions of the
solvent, THF.
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From that point, it was time to test the new concentrations with the alkoxysubstituted starting materials, 25a-c. The same reaction conditions were used, with
usually no tetranaphthylene product forming. For some trials, tetranaphthylene was
observed in as little as 10 % in the crude mixture, which was normally lost upon column
chromatography, as it again shared a similar polarity to its trinaphthylene counterpart,
and eluted in the same fractions. The results were not reproducible and not able to be
scaled up to make enough product to isolate and test. Large-scale reactions resulted in
the sole preparation of alkoxy-substituted trinaphthylene products. In order to achieve
the 10 % yield of hexyloxy-tetranaphthylene, three small-scale reactions had to be
simultaneously run, then combined just before workup. Sadly, there was not enough
material to perform any kind of tests on the materials and this was not successful with the
other chain lengths.
Interestingly, side product 27 (Figure 51) was seen in the tetranaphthylene
syntheses. It is the intermediate formed after one Yamamoto coupling. It normally
undergoes another reaction with either another molecule of 27 to form the corresponding
tetranaphthylene, or a coupling with starting material 25 to produce the trinaphthylene. It
was easily isolatable and upon resubmission to reaction conditions, did not yield the
desired tetranaphthylene product.
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Scheme 21: Synthetic route for the synthesis of alkoxy-substituted tetranaphthylenes.

Figure 51: Intermediate seen in the synthesis of tetranaphthylene.

The only product that could be isolated in a measurable yield, was the hexyloxysubstituted tetranaphthylene 26a in 10 % yield. The octyloxy- and decyloxy- derivatives
could not be formed.
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It is hypothesized that the reaction did not proceed due to the electron donating
properties of the alkoxy-substituents. Seeing as the unsubstituted tetranaphthylene was
able to be synthesized, it is assumed that the substituents have a role in the reactivity by
either hindering it via electronic properties, however this still remains unexplored.

Scheme 22: Preparation of tri- and tetraphenylene via Yamamoto cyclization.
In addition, the Yamamoto cyclization was tested on 1,2-dibromobenzene, to see
if the determined concentrations could be applied to a smaller π-system. Consequently,
tetraphenylene 29 could be achieved in an isolated yield of 17 % with a concentration of
0.282 M and triphenylene 28 could be achieved in an isolated yield of 59 % (Scheme 22).
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These yields are a bit higher than the trinaphthylene and tetranaphthylene analogs,
however this can be accounted for the increased solubility compared to the -napthylenes
and thus not as much is lost on the silica plug during work-up and purification.

5.3 Summary
A new preparation was achieved for the synthesis of unsubstituted
tetranaphthylenes, over 3 steps. It was determined that varying the concentration could
lead to either trinaphthylene or tetranaphthylene, the tetranaphthylene requiring the more
concentrated reaction conditions and yielding 12 % isolated yield.

However, the

preparation of alkoxy-substituted tetranaphthylenes was unsuccessful. The determined
concentration successful in the preparation of the unsubstituted tetranapthylenes was not
successful in producing alkoxy-substituted tetranaphthylenes.

Ten percent of the

tetranaphthylene substituted with eight hexyloxy- chains, 26a, was able to be isolated,
after three small-scale trials were combined upon workup. However, the results were not
reproducible. The polarities were the same as the corresponding trinaphthylenes, making
purification challenging.
The preparation of tetra- and triphenylenes was also explored using the
Yamamoto cyclization, using the concentrations determined in the initial studies and
were found to be successful. Substituted 1,2-dibromobenzenes should be explored to
determine if this is a more facile synthesis in the preparation of tetra- and triphenylenes.
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6. Hexa-brominated-hexa-alkoxysubstituted trinaphthylenes
6.1 Introduction
Upon the synthesis of trinaphthylene, compound 16, tetranaphthylene, compound
17 was observed. Through altering the concentration of the reaction, trinaphthylene or
tetranaphthylene could be favoured.

In Chapter 4, the trials and challenges of

synthesizing alkoxy-substituted tetranaphthylenes were discussed. Herein, this chapter
reviews the synthesis of alkoxy-substituted trinaphthylenes via Yamamoto cyclization
and their brominated derivatives. The influence of bromo-substituents on mesomorphic
properties and solution aggregation was explored.
Previous studies by Paquette et al.77 showed that the introduction of electron
withdrawing groups such as bromines or cyano groups could broaden a liquid crystal
mesophase.

Lynett and Maly discovered that the hexyloxy- and octyloxy-

trinaphthylenes (30a and 30b) were not liquid crystalline,20 thus our objective was to
synthesize these via the Yamamoto cyclization as reported by Rudiger et al.,21 who used
the Yamamoto to synthesize other alkoxy-subsituted trinaphthylenes.
The alkoxy-substituted trinaphthylene seen in the crude mixture from the
synthesis of alkoxy-substituted tetranaphthylenes (Chapter 5) was easily isolated from the
mixture. In addition, the use of more dilute reaction conditions for the Yamamoto
cyclization led to the preferential formation of trinaphthylenes. Herein, a series of four
alkoxy-substituted trinaphthylenes were synthesized from a known intermediate and
tested for liquid crystalline properties. They were further functionalized with electron91

withdrawing groups to see if introducing bromines could broaden or induce a liquid
crystalline phase in these materials, as seen in similar work.77
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Figure 52: Target alkoxy-substituted trinaphthylenes (left) with the brominated
derivatives (right) that will be synthesized.

6.2 Synthetic Approaches, Results and Discussion
The synthesis of alkoxy-substituted trinaphthylenes began with the production of
the corresponding alkoxy-substituted dibromo-naphthalene derivatives, shown in Scheme
23 and described in Chapter 4. However, the following Yamamoto cyclization to obtain
trinaphthylenes 30a-d was performed with a concentration of 0.047 M, as determined by
the trials performed to obtain trinaphthylene 16 and outlined in Chapter 3.

The

Yamamoto cyclizations were very successful, with the hexyloxy- derivative 30a giving a
yield of 47 %, the octytloxy- derivative 30b giving a yield of 53 %, the decyloxy92

derivative 30c giving a yield of 46 %, and the dodecyloxy- derivative 30d giving a yield
of 56%.

Scheme 23: Synthesis of hexabromo-hexakis(alkyloxy)trinaphthylenes.

The alkoxy-substituted trinaphthylenes were then subjected to a 6-fold
bromination. This was achieved using six equivalents of bromine in chloroform at room
temperature stirring overnight. The reactions worked quite well, producing 31a-d in
yields of 27 %, 41 %, 44 %, and 65 %, respectively.
93

As mentioned in Chapter 5, the reactions to obtain compounds 25a-c were
straightforward on large scales. Compound 25d was synthesized by a previous member
of the Maly group, but verified via 1H- and

13

C-NMR spectroscopy that it was pure in

order to carry forward in the reaction series. The yields of the Yamamoto cyclizations to
produce the trinaphthylenes 30a-d fell within the range that Rudiger et al. achieved in
their preparation of smaller alkoxy-substituted trinaphthylenes. The purification of these
was able to be modified to be much simpler. After trials of column chromatography
using non-volatile solvents like toluene resulted in extra time to yield product of similar
amounts, it was discovered that a silica plug using DCM to remove the NiBr2 followed by
a recrystallization from acetone could be used to obtain the pure product. This discovery
saved countless hours purifying the compounds and resulted in yields that are comparable
to those reported by Rudiger et al.21
Hexakis(decyloxy)trinaphthylene 30c and hexakis(dodecyloxy)trinaphthylene 30d
had not been prepared before. Lynett and Maly’s palladium-catalyzed cyclotrimerization
did not work with chain-lengths longer than eight carbons, and Rudiger et al. did not
prepare chain lengths longer than six carbons long.20,21 Thus, it was discovered that the
Yamamoto cyclization can be used for longer chains lengths of up to twelve carbons
long.
Following what were supposed failures from modified reported conditions, was a
series of trials to scope out the best reaction conditions for the brominations of
compounds 30a-d. The first one included bromine in the presence of iron and iodine in
heated acid. The second trial involved bromine in refluxing chloroform. And the third
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trial involved bromine, iron, and iodine in cooled DCM that was allowed to warm to
room temperature. The first trial was unsuccessful, as the starting material was not
soluble in the aqueous acid solvent. The second trial produced the same results as before,
showing a broad singlet/multiplet signals that was interpreted as underbrominated
species. The third trial showed underbrominated species with multiple signals in the
alkyl regions as well as the aromatic regions of the 1H-NMR spectra.
The previously attempted conditions were revisited once again using
octyloxytrinaphthylene (30b) in order to obtain a

13

C-NMR to determine if the species

produced was in fact underbrominated. The 1H-NMR once again showed a broad signal
however the 13C-NMR showed what appeared to be a pure product. After 30 minutes, a
second 1H-NMR spectrum was taken, and the broad signal had transformed into a strong
singlet of the correct integration. These observations are attributed to aggregation in
solution.
To test the hypothesis, concentration dependent NMR studies were carried out.
Fourteen different concentrations of compound 31b in CDCl3 were taken to observe if the
compounds formed dimers or high aggregates in solution. Discotic aromatic systems
have been shown to self-assemble in solutions.20,84 This can be seen through variable
concentration NMR spectroscopy, as π-stacked aggregates will often exhibit different
chemical shifts than monomers. A trend is normally observed where the peaks will shift
proportionally as the amount of monomer in solution decreases.85 The study showed that
the chemical shift of the aromatic protons changed as a function of concentration (Figure
53) by shifting upfield with increasing concentration.
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Figure 53: 1H-NMR shift of aromatic protons of 31b vs. log(concentration) fitted to
a curve using a monomer-dimer model.

This observation is consistent with aggregation due to π-π stacking.20 The data of
the monomer-dimer model was plotted using the following equation: 𝑷 = 𝑷𝒅 −
𝑷𝒎

𝟏

𝟏! 𝟖𝑲𝑬𝑪!𝟏
𝟒𝑲𝑬𝑪

+ 𝑷𝒎

where P is the measured chemical shift, Pd is the theoretical shift of the dimer, Pm is the
theoretical shift of the monomer, C is the concentration, and KE is the equilibrium
constant for dimerization.86 The equilibrium constant was determined to be 1.10 x 102 M96

0

1

upon fitting the data to the model. Comparing this to the non-brominated trinaphthylene

30b, Lynett and Maly reported an association constant of 3.8 M-1 which was determined
as a weak association constant compared to other disc-shaped PAHs.20

With an

association constant almost 29 times stronger than the non-brominated precursor,
compound 31b has a much higher affinity in solution than 30b. As mentioned by Lynett
and Maly, 30b had a low KE due to having an electron-rich core from the alkoxysubstitutents, which would electrostatically disfavor strong association, despite having a
large aromatic core capable of π-π interactions. However, compound 31b has six weak
electron-withdrawing groups, which may cancel the effect of the electron-donating
alkoxy groups and effectively favour association in solution much more than 30b. It may
also be due to increased dispersion interactions involving the bromines. This trend is
quite interesting, in that unsubstituted alkoxy-trinaphthylenes do not exhibit a liquid
crystalline phase, and show a weak association in solution.

However, hexabromo-

alkoxytrinaphthylenes exhibit a much larger association constant, and exhibits a broad
liquid crystalline range (see below).
Lynett and Maly also reported that 30a and 30b did not display any mesomorphic
properties.

This was confirmed via DSC experiments, along with longer chained

compounds 30c and 30d.

A decrease in melting temperature was observed with

increasing chain length. A summary of melting transitions can be seen in Table 3.
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Compound

Melting Point (oC)

30a

152

30b

124

30c

110

30d

~108*

Table 3: Summary of CràI transitions for hexakis(alkoxy)trinaphthylene compounds
30a-d. Note: Melting temperature for compound 30d was determined via POM.

Upon the synthesis of compounds 31a-d, the new compounds were examined
under polarized optical microscope.

Using POM, distinct textures representative of

columnar hexagonal liquid crystal phases were observed (Figure 54).
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Figure 54: POM images upon heating at 260 oC (left) and an image upon cooling at
134 oC.
The clearing point of compounds 31a-d could not be observed using POM, thus
DSC was used to view the crystallization or melting transitions.

The results are

summarized in Table 4.

Compound #

Upon Heating (oC)

30a

Cr 152.4 I

31a

SC/G/LC 75.8 LC

30b

Cr 124.1 I

31b

SC/G -13.2 LC 60.1 LC
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30c

Cr 110.2 I

31c

SC/G 6.4 LC

30d

Cr 108 I

31d

SC/G 11.48 SC/G 23.93 LC

Table 4: Summary of transition temperatures for compounds 30a-d and 31a-d from DSC
data. Cr = crystalline solid, I = isotropic liquid, SC = soft crystal, G = glass phase, LC =
liquid crystalline phase.
Broad-range liquid crystals were observed for all compounds, without a clearing
point reached. In fact, it was determined that the compound would decompose before it
transitioned into an isotropic liquid. This was confirmed via thermogravimetric analysis
(TGA) on compound 31b (Figure 55).
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Figure 55: TGA graph on compound 31b.

From Figure 55, the onset of decomposition occurs at 302 oC with total
decomposition occurring after 640 oC.
All of the transitions for compounds 30a-d were crystalline solid to isotropic
liquid. All of the transitions for compounds 31a-d were higher order soft crystal or glass
phases and remained liquid crystalline throughout. Through POM analysis, differences in
textures at the key temperatures noted were not observed. In order to confirm our
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suspicions about these higher order phases that are not crystalline, X-ray diffraction data
will be needed.

6.3 Summary
In summary, four novel broad-range liquid crystals were synthesized from
trinaphthylene starting materials. The trinaphthylenes (30a-d) were synthesized via a
Yamamoto coupling reaction that resulted in yields comparable to literature reported
yields of similar compounds.

Compounds 30c and 30d were newly synthesized

compounds, and like 30a and 30b were not found to be liquid crystalline. However upon
a six-fold bromination, liquid crystallinity was induced and found to occur over a broad
range. Mesomorphic analysis was performed using POM and DSC. XRD is needed to
confirm the higher order phases that are seen via DSC as well as the type of mesophase
present.
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7. Conclusions and Future Work
As outlined in Chapter 3, one of our first goals was to use the Yamamoto
cyclization to prepare substituted starphenes bearing TMS-ethynyl groups from the
corresponding dibromoacene derivatives.

However, the Yamamoto coupling was

unsuccessful, perhaps due to sterics of the bulky TMS groups. With compound 31a-d,
there is now a formed starphene that can be functionalized with TMS-ethynyl groups via
a Sonogashira cross-coupling reaction to see if sterics were actually the reason the
product didn’t form. From this product, the TMS groups may be removed via strong base
or a fluoride source, and then the corresponding terminal alkynes may be coupled
together using the Glaser coupling reaction. This would result in a bowl-like non-planar
structure that could be analyzed for molecular recognition properties.
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Scheme 24: Future synthetic steps towards the synthesis of non-planar bowl-like
structures.

In Chapter 4, the Yamamoto cyclization was used to prepare a series of
trinaphthylenes and was attempted to prepare tetranaphthylenes. It was successful in
prepraring trinaphthylenes bearing electron donating alkoxy groups, but the Yamamoto
has not been used to prepare trinaphthylenes with electron withdrawing groups. It was
also briefly touched upon that the Yamamoto coupling reaction was used to successfully
synthesize triphenylenes and tetraphenylenes. Triphenylenes bearing electron-donating
groups can easily be synthesized using an oxidative ring-closing reaction, however
triphenylenes bearing electron-withdrawing groups cannot be synthesized in this
manner.16 Due to synthetic ease, it would be noteworthy to explore the Yamamoto
cyclization to determine if it can be used in the synthesis of triphenylenes bearing
electron-withdrawing groups. These findings can later be applied to the preparation of
trinaphthylenes with electron withdrawing groups.

Scheme 25: Future exploration into the synthesis of triphenylenes bearing electronwithdrawing groups (EWG) using the Yamamoto coupling.
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Trinaphthylene was reacted with a benzyne precursor many times in the
preparation of heptiptycenes. However, it proved unsuccessful via the cycloaddition
method we chose. A more soluble trinaphthylene was also tested and was not successful
in producing the heptiptycene. However, compound 19 was able to be synthesized,
indicating that 16 is active towards cycloadditions and needs to be explored further with
other alkynes. They could be explored for their molecular recognition capabilities.
Through the preparation of tetranaphthylene 17, alkoxy-substituted derivatives
were sought after using the same methods. However, the synthesis of alkoxy-substituted
tetraphenylenes 26a-c was not reproducible or successful. Unfortunately, the conditions
were not favourable in producing alkoxy-substituted tetranaphthylenes. Seeing as it was
possible to isolate compound 25a, this leads us to believe that this method may be useful
in preparing alkoxy-substituted tetranaphthylenes, by varying other conditions besides
concentration.
The synthesis of alkoxy-substituted trinaphthylenes was successful in producing
two new compounds and two that were previously synthesized in a longer reaction
scheme. These were all tested for their mesomorphic properties and found to not exhibit
any. Further functionalization involving a 6-fold bromination induced a broad liquid
crystal range in all compounds (31a-d).

These are believed to exhibit a columnar

hexagonal liquid crystal phase, based on POM, however further confirmation needs to be
made using XRD data. These compounds were facile to make and will provide an
interesting precursor towards the synthesis of non-planar bowl-like structures.
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8. Experimental
8.1 General
8.1.1 NMR Spectroscopy
1

H and 13C spectra were recorded on a Varian 300 MHz (1H) Unity Inova NMR

Spectrometer or an Agilent Technologies 400 MHz Spectrometer (as indicated) using the
indicated deuterated solvents purchased from CIL Int. Chemical shifts are reported in δ
scale downfield from the peak for tetramethylsilane.
8.1.2 High-Resolution Mass Spectrometry
High resolution mass spectra were recorded at the Centre Régional de Spectrométrie
de Masse à l’Université de Montréal using an Agilent LC-MSD TOF spectrometer.
8.1.3 Mesophase Characterization
Polarized optical microscopy studies were performed using an Olympus BX-51
polarized optical microscope with a Linkam LTS 350 heating stage and a digital camera.
Differential scanning calorimetry studies were carried out using a TA Instruments DSC
Q200 with a scanning rate of 5 oC/min.

Variable temperature X-ray diffraction

measurements were carried out by Dr. S. Holger Eichhorn at the University of Windsor.
8.1.4 Chemicals and Solvents
All reagents and starting materials were purchased from Sigma-Aldrich and used as
purchased, with the exception of anthracene, which was recrystallized from ethanol prior
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to use. Anhydrous solvents were dispensed using a custom-built solvent system from
Glasscontour (Irvine, CA) which used purification columns packed with activated
alumina and supported copper catalyst. Ni(COD)2 and 1,5-cyclooctadiene were opened
and stored in an argon-filled drybox.

N-butyllithium was titrated using N-

benzylbenzamide prior to use. Oven-dried glassware was used for all reactions that were
performed under nitrogen and in the glove box. The following compounds were prepared
according

to

literature

procedures:

2,3,4,5-tetrabromothiophene,

of

3,4-

dibromothiophene, 3,4-dibromothiophene 1,1-dioxide, 6,7-dibromonaphthalene-1,4dione, 1,2,3,4,5,6-hexakis(bromomethyl)-benzene, 2-carboxybenzenediazonium chloride,
triptycene,

of

2,3-dibromotriptycene,

10,11-dibromo-1,2,3,4,5,6,7,8,13,13,14,14-

dodecachloro-1,4,4a,4b,5,8,8a,12b-octahydro-1,4:5,8-dimethanotriphenylene,

2,3-

dibromonaphthalene, 1,4,6,7-tetrabromonaphthalene-2,3-diol, 6,7-dibromonaphthalene2,3-diol, 2,3-dibromo-6,7-bis(alkyloxy)naphthalenes.

8.2 Synthesis of extended starphenes with long alkoxy chains and TMS-ethynyl
groups
8.2.1 Synthesis of 2,3,4,5-tetrabromothiophene (4).73

Br

S
Br

Br

Br
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Thiophene (10.0 g, 1 eq., 119 mmol) was added to a degassed solution of CHCl3 (10 mL)
in a 2-neck 250-mL round bottom flask equipped with a reflux condenser and addition
funnel. The solution continued to be degassed while bromine (85.6 g, 4.5 eq., 534 mmol)
was added dropwise via the addition funnel.

The reaction was stirred at room

temperature under nitrogen for 17 hours. It was then refluxed for 2 hours under nitrogen,
then cooled to room temperature. A solution of potassium hydroxide (8.00 g) in EtOH
(45 mL) was slowly added to the solution, followed by CHCl3 (~50 mL) to aid in stirring.
The solution was refluxed for another 4 hours where it was then cooled to room
temperature. The reaction mixture was then added to ~250 mL of ice/water in an ice
bath. The solution was allowed to sit overnight then the precipitate was filtered. The
filtrate was extracted with CHCl3 three times, then washed with water once. The organic
fractions were dried over MgSO4, filtered, and the solvent was evaporated under reduced
pressure. The resulting product was a beige fluffy solid (47.0 g, 99 %).

13

C-NMR (400

MHz, CDCl3) δ: 116.9, 110.2 ppm. Spectral data matched literature values reported by
Araki, K., et al.73
8.2.2 Synthesis of 3,4-dibromothiophene (5).73
S
Br

Br

A mixture of acetic acid (50 mL) and water (100 mL) were added to a 2-neck 250-mL
round bottom flask equipped with a Dean-Stark trap, reflux condenser, and degassed
under nitrogen. Tetrabromobromothiophene (7.00 g, 1 eq., 17.5 mmol) and zinc (3.71 g,
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3.24 eq., 65.4 mmol) were massed separately. A small portion of tetrabromothiophene
was added to the vigorously stirring mixture of acetic acid and water. This was repeated
with the zinc and alternated repeatedly until they were both added.

The mixture

continued to be stirred vigorously at room temperature for 5 minutes, then heated to
reflux under nitrogen for 7 h. The product collected in the Dean-Stark trap was extracted
with DCM three times. The product was then dried with MgSO4, filtered and the DCM
was evaporated reduced pressure. The resulting product was a yellow oil (3.26 g, 77 %).
1

H-NMR (400 MHz, CDCl3) δ: 7.30 ppm.

Spectral data matched literature values

reported by Araki, K., et al.73
8.2.3 Synthesis of 3,4-dibromothiophene 1,1-dioxide (6).74
O O
S
Br

Br

A 100-mL 2-neck round bottom flask was cooled to -10 oC. H2O2 (5.7 mL, 8.02 eq., 66.3
mmol) was added to the flask to be cooled. While vigorously stirring, trifluoroacetic
anhydride (16.7 mL, 14.33 eq., 119 mmol) was added dropwise via an addition funnel,
ensuring the temperature did not exceed -10 oC. One all of TFAA was added, it was
stirred at -10 oC for 15 minutes. 3,4-Dibromothiophene (2.00 g, 1 eq., 8.27 mmol) was
added in one portion in 10 mL of DCM. The acetone-ice bath was removed and was
allowed to warm to room temperature and stirred for 3 hours.

The solution was

transferred to a 500-mL Erlenmeyer flask in an ice bath. Saturated sodium carbonate was
added until bubbling subsided. The solution was then extracted with DCM three times,
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dried under MgSO4, filtered, and the solution was evaporated under reduced pressure. A
small amount of ethanol was added (5 mL) and then the solution was placed in the
freezer. A yellow solid formed and was collected by suction filtration to yield the pure
product (1.75 g, 77 %). 1H-NMR (400 MHz, CDCl3) δ: 6.83 (s, 2H) ppm. Spectral data
matched literature values reported by Lu, Y., et al.74
8.2.4 Synthesis of 6,7-dibromonaphthalene-1,4-dione (7).87

O
Br
Br
O
3,4-Dibromothiophene 1,1-dione (1.00 g, 1 eq., 3.65 mmol) and benzoquinone (3.94 g, 10
eq., 36.5 mmol) were dissolved in acetic acid (~200 mL) in a single-neck 500-mL round
bottom flask equipped with a reflux condenser. The mixture was stirred at reflux for 48
hours. It was then cooled to room temperature and poured into 100 mL of water. The
resulting precipitate was removed by suction filtration. The filtrate was extracted with
DCM three times and the resulting organic phase was washed with water 3 times. The
organic phase was then dried over MgSO4, filtered, and evaporated under reduced
pressure.

The resulting solid was purified using column chromatography (1:1

DCM/hexanes) resulting in a yellow solid product (0.53 g, 46 %). 1H-NMR (400 MHz,
CDCl3) δ: 8.31 (s, 2H), 7.00 (s, 2H) ppm. Spectral data matched literature values
reported by Bailey and Williams.87
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8.2.5 Synthesis of 1,2,3,4,5,6-hexakis(bromomethyl)benzene (1).72

Br

Br

Br
Br
Br

Br

Bromine (21.4 g, 8.5 eq., 134 mmol) was added dropwise to a boiling solution of
hexamethylbenzene (2.55 g, 1 eq., 15.7 mmol) in ethylene dibromide (100 mL) and
stirred at reflux for 30 hours. The solution was cooled to room temperature then filtered
to isolate the crude product.

The crude solid was then recrystallized in ethylene

dibromide to yield the pure product as a white powder (8.35 g, 84 %).

1

H-NMR (400

MHz, CDCl3) δ: 6.83 (s, 12H) ppm. Spectral data matched literature values reported by
Kasko and Pugh.72s
8.2.6 Synthesis of 1,2-bis(decyloxy)benzene (8).75

OC10H 21
OC10H 21
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Catechol (2.83 g, 1 eq., 25.7 mmol) and potassium carbonate (14.2 g, 4 eq., 103 mmol)
were added to a single neck 500-mL round bottom flask and degassed with N2. Dry DMF
(~200 mL) was added and the solution was stirred at 90 oC under N2 for 15 minutes. 1Bromodecane (19.9 g, 3.5 eq., 89.9 mmol) was added via syringe and the reaction was
stirred under N2 at 90 oC for 48 hours. The mixture was then vacuum filtered and the
solid was recrystallized from acetone (9.14 g, 91 %).

1

H-NMR (400 MHz, CDCl3) δ:

6.88 (s, 4H), 3.98 (t, 4H), 1.80 (m, 4H), 1.46 (m, 4H), 1.34 (m, 24H), 0.88 (t, 6H) ppm.
Spectral data matched literature values reported by Binnemans, K. et al.88
8.2.7 Synthesis of 1,2-bis(bromomethyl)-4,5-bis(decyloxy)benzene (9).76
OC10H 21

Br
Br

OC10H 21

HBr (in AcOH) (4.30 mL, 3 eq., 24.5 mmol) and AcOH was added to a mixture of 1,2Bis(decyloxy)benzene (3.18 g, 1 eq., 8.16 mmol) and paraformaldehyde (0.613, 2.5 eq.,
20.4 mmol) dissolved in DCM. The solution was degassed for ~15 minutes. The
solution was then stirred at room temperature under N2 for 24 hours. The resulting
precipitate was vacuum filtered and washed with acetone. Water was added to the
filtrate, and the resulting precipitate was filtered once more. The resulting product was
recrystallized from acetone to yield a white, fluffy solid (2.91 g, 62 %). 1H-NMR (400
MHz, CDCl3) δ: 6.83 (s, 2H), 4.61 (s, 4H), 3.99 (t, 4H), 1.82 (m, 4H), 1.47 (m, 4H), 1.33
(m, 24H), 0.88 (t, 6H) ppm.

13

C-NMR (400 MHz, CDCl3) δ: 149.5, 128.8, 115.7, 69.2,
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31.8, 30.8, 29.5, 29.5, 29.3, 29.3, 29.1, 25.9, 22.6, 14.0 ppm. HRMS (EI) calcd for
C28H48Br2O2 m/z 574.20360, found 574.20210.

8.2.8 Synthesis of 2,3-dibromo-8,9-bis(decyloxy)tetracene-5,12-dione (10).

O
Br

OC10H 21

Br

OC10H 21
O

6,7-Dibromonaphthalene-1,4-dione (1.10 g, 1.2 eq., 3.48 mmol), 1,2-bis(bromomethyl)4,5-bis(decyloxy)benzene (1.67 g, 1 eq., 2.90 mmol), and potassium iodide (0.77 g, 1.6
eq., 4.64 mmol) were added to a 250-mL single-neck round bottom flask. The flask was
degassed under nitrogen for 15 minutes. 50 mL of dry DMF was added to the flask and it
was again degassed for 10 minutes. The reaction was then heated to 80 oC and stirred
under nitrogen for 24 hours. The solution was vacuum filtered, washing with acetone to
yield a yellow solid (1.29 g, 61 %). 1H-NMR (400 MHz, CDCl3) δ: 8.60 (s, 2H), 8.55 (s,
2H), 7.28 (s, 2H), 4.17 (t, 4H), 1.93 (m, 4H), 1.35 (m, 4H), 1.29 (m, 24H), 0.88 (t, 6H)
ppm.

13

C-NMR (100 MHz, CDCl3) δ: 181.2, 152.5, 133.7, 132.4, 131.8, 131.6, 127.6,

127.6, 108.7, 69.0, 31.9, 29.6, 29.5, 29.3, 29.3, 28.8, 26.0, 22.6, 14.1 ppm. HRMS (EI)
calcd for C38H48Br2O4 m/z 727.1974, found 727.1992.
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8.2.9 Synthesis of ((2,3-dibromo-8,9-bis(decyloxy)tetracene-5,12-diyl)bis(ethyne-2,1diyl))bis(trimethylsilane) (11).
TMS

Br

OC10H 21

Br

OC10H 21

TMS
A 2-neck 50-mL round bottom flask was degassed under nitrogen for 15 minutes. Dry
Et2O (3 mL) was added to the flask followed by ethynyltrimethylsilane (0.09 mL, 5 eq.,
0.686 mmol) via syringe. The flask was cooled to 0 oC then 2 M n-butyllithium in
hexanes (0.206 mL, 3 eq. 0.412 mmol) was added dropwise while stirring under nitrogen.
The solution was allowed to warm to room temperature and stirred for 30 minutes. 2,3Dibromo-8,9-bis(decyloxy)tetracene-5,12-dione (0.100 g, 1 eq., 0.137 mmol) was added
as a solid in one portion followed by THF (3 mL). The solution was stirred under
nitrogen at room temperature for 30 minutes. The reaction was quenched with wet Et2O,
and then the solvent was removed with reduced pressure and low heat. The residue was
passed through a silica plug using hexanes first to remove excess ethynyltrimethylsilane
followed by Et2O to elute the resulting diol. The solvent was evaporated under reduced
pressure and low heat.

The diol was purified via column chromatography (6:1

hexanes/Et2O) to yield a yellow solid. The diol was then added to a 50-mL single-neck
round bottom flask and dissolved in 1:1 acetonitrile/THF (6 mL). Stannous chloride
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dihydrate was added until a noticeable colour change was observed. The mixture was
stirred for one hour at room temperature. The solvents were removed under reduced
pressure and the resulting crude mixture was dissolved in DCM and a silica plug was
performed. The solvent was removed under reduced pressure to yield a bright yellow
solid (0.050 g, 41 %). 1H-NMR (400 MHz, CDCl3) δ: 8.84 (s, 2H), 8.82 (s 2H), 7.17 (s,
2H), 4.20 (t, 4H), 1.96 (m, 4H), 1.25 (m, 28H), 0.88 (t, 6H), 0.48 (s, 18H) ppm.

13

C-

NMR (100 MHz, CDCl3) δ: 151.2, 131.6, 131.0, 130.5, 129.4, 123.1, 122.7, 116.6, 109.4,
105.2, 101.4, 68.8, 31.9, 29.6, 29.5, 29.4, 29.3, 29.0, 26.1, 22.6, 14.1, 1.0 ppm. HRMS
(EI) calcd for C48H66Br2O4Si2 m/z 921.2911, found 921.2939.

8.3 Towards the synthesis of heptiptycenes.
8.3.1 Synthesis of 2-carboxybenzenediazonium chloride (20).89
COOH
N 2 Cl
Ethanol (10 mL) was added to a 100-mL single-neck round bottom flask containing
anthranilic acid (1.00 g, 1 eq., 7.29 mmol) and was cooled to 0 oC while stirring. HCl
(0.5 mL) was then added dropwise, followed by isoamyl nitrite (1.46 mL, 1.5 eq., 10.9
mmol) dropwise. After the solution was stirred for 15 minutes, Et2O (10 mL) was added
and left to stir for an additional 15 minutes. The yellow solid was collected by vacuum
filtration and stored in the freezer under nitrogen (1.26 g, 94 %). Note: Characterization
was not performed as it was deemed too dangerous due to the potential explosive nature
of this product.
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8.3.2 Synthesis of triptycene (21).

A mixture of anthracene (0.111 g, 1 eq., 0.615 mmol) and 2-carboxybenzenediazonium
chloride (0.500 g, 4.4 eq., 2.70 mmol) were added to a 50-mL single-neck round bottom
flask equipped with a reflux condenser and degassed under nitrogen for 15 minutes. (+/)-Propylene oxide (2 mL) was added to the flask as it continued to be degassed.
Dichloroethane was degassed separately (9 mL) and added to the mixture. The flask was
stirred at reflux under nitrogen overnight. The crude product was collected by removing
the solvent under reduced pressure. The pure product was not isolated but observed in a
large quantity via 1H-NMR spectroscopy. 1H-NMR (400 MHz, CDCl3) δ: 7.32 (dd, 6H),
6.91 (dd, 6H), 5.37 (s, 2H) ppm. Spectral data matches data reported by Sigma Aldrich
Chemicals Company: http://www.sigmaaldrich.com/spectra/fnmr/FNMR000492.PDF.
8.3.3

Synthesis

of

10,11-dibromo-1,2,3,4,5,6,7,8,13,13,14,14-dodecachloro-

1,4,4a,4b,5,8,8a,12b-octahydro-1,4:5,8-dimethanotriphenylene (14).81

Cl
Cl

Cl
Cl

Cl
Cl
Cl

Br

Cl
Cl
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Cl
Cl

Cl

Br

1,2,3,4,5,6,7,8,13,13,14,14-Dodechloro-1,4,4a,4b,5,8,8a,12b-octahydro-1,4:5,8dimethanotriphenylene (40.0 g, 1 eq., 59.3 mmol) and iron (0.199 g, 6 mol %, 3.56
mmol) in DCE (66.8 mL) were added to a 250-mL 2-neck round bottom flask equipped
with reflux condenser and addition funnel. Bromine (9.15 mL, 3 eq., 178 mmol) was
added dropwise as a solution in DCE (13.3 mL) over 1.5 h with an addition funnel. The
mixture was then brought to reflux and stirred for 18.5 hours. The reaction was then
cooled to room temperature and saturated sodium thiosulfate (50 mL) solution was added.
The organic phase was extracted. Once collected it was reheated to dissolve precipitate.
While hot, it was dried over MgSO4 and filtered. The solvent was removed under
reduced pressure to yield a yellow/brown solid (41.09 g, 83 %). This product was used in
the next step without further purification.
8.3.4 Synthesis of 2,3-dibromonaphthalene (15).81
Br
Br
A

small

amount

of

10,11-dibromo-1,2,3,4,5,6,7,8,13,13,14,14-dodecachloro-

1,4,4a,4b,5,8,8a,12b-octahydro-1,4:5,8-dimethanotriphenylene was placed in a small
round bottom flask and placed in a Kugelrohr distillation apparatus equipped with two
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bump traps. The vacuum was turned while the flask was rotated and heated to ~204 oC.
Perchlorocyclopenta-1,3-diene was collected in the traps as a yellow oil. The remaining
brown solid/oil was transferred to a round flask with DCM where the solvent was
removed under reduced pressure. The crude product was recrystallized from hexanes to
yield a white, fluffy solid (4.41 g, 31 %). 1H-NMR (400 MHz, CDCl3) δ: 7.93 (s, 2H),
7.51 (dd, 2H), 7.30 (dd, 2H). Spectral data matched literature values reported by Bowles
and Anthony.90
8.3.5 Synthesis of trinaphthylene (16).26

In an argon filled glovebox, to an oven dried single neck flask was added 1,5cyclooctadiene (1.76 g, 2.05 eq., 16.2 mmol) and 2,2’-bipyridyl (1.55 g, 1.25 eq., 9.91
mmol). Dry THF (150 g total, 0.047 M) was added and the mixture was stirred. Bis(1,5cyclooctadiene)nickel (0) (2.73 g g, 1.25 eq., 9.91 mmol) was added to the solution to
create a dark purple solution. The mixture was stirred at room temperature. In a separate
Erlenmeyer flask, THF was added to 2,3-dibromonaphthalene (2.27 g, 1 eq., 7.93 mmol)
and stirred to dissolved. The naphthalene was added to the stirring solution dropwise
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totaling the concentration of the starting material in solvent to 0.047 M. The flask was
capped and wrapped in parafilm. The flask was removed from the glovebox and stirred
overnight for 16 hours. The solvent was removed under reduced pressure and a silica
plug was performed eluting with DCM. The crude mixture was wash with cold EtOAc to
yield off-white solid (0.406 g, 41 %). 1H-NMR (400 MHz, CDCl3) δ: 9.12 (s, 6H), 8.10
(dd, 6H), 7.57 (dd, 6H) ppm.

13

C-NMR (100 MHz, CDCl3) δ: 132.8, 128.9, 128.0, 126.3,

122.6 ppm. Spectral data matched literature values reported by Soe et al.22

8.3.6

Synthesis

of

hexamethyl

5,6,11,12,17,18-hexahydro-5,18:6,11:12,17-

triethenotrinaphthylene-19,20,21,22,23,24-hexacarboxylate (19).
CO 2Me
MeO 2C

CO 2Me
CO 2 Me

MeO 2C
CO 2Me

Trinaphthylene (0.100 g, 1 eq., 0.264 mmol) was added to a 2-neck, 10-mL round bottom
flask was equipped with a reflux condenser and degassed with N2 for 15 minutes.
Dimethylacetylene dicarboxylate (0.375 g, 10 eq., 26.4 mmol) was added via syringe to
the system under N2. O-xylene (1.5 mL) was added via syringe and the reaction was
stirred and heated to 145 oC overnight.

The reaction was then cooled to room

temperature and the solvent was evaporated. The crude NMR showed 85 % starting
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material remaining where the crude material was resubmitted to reaction conditions and
left for another 5 days.

A gradient column chromatography was performed (10 %

acetone à 25 % acetone à 100 % acetone) yielding the product as a mixture of isomers
as a brown oil.

1

H-NMR (400 MHz, CDCl3) δ: 7.39 (dd, 3H), 7.33 (dd, 6H), 7.30 (dd,

2H), 7.07 (dd, 3H), 7.05 (dd, 6H), 6.92 (dd, 2H), 5.86 (s, 6H), 5.84 (s, 2H), 5.80 (s, 3H)
ppm. HRMS (EI) calcd for C48H36O12 m/z 822.2516, found 822.2545.

8.4 Synthesis of Alkoxy-substituted Trinaphthylenes versus Tetranaphthylenes.
8.4.1 Synthesis of 1,4,6,7-tetrabromonaphthalene-2,3-diol (23).20
Br
HO

Br

HO

Br
Br

2,3-Dihydroxynaphthalene (9.00 g, 1 eq., 56.2 mmol) was dissolved in 90.0 mL of glacial
acetic acid in a 2-neck round bottom flask equipped with a reflux condenser and addition
funnel. Neat bromine (11.7 mL, 4 eq., 225 mmol) was added dropwise and the solution
was then heated to reflux for 2.5 hours. The reaction mixture was then cooled to room
temperature and poured into ice water. The resulting yellow precipitate was collected by
suction filtration and recrystallized from acetic acid to afford a white fluffy solid (19.1 g,
71 %). 1H-NMR (400 MHz, CDCl3) δ: 8.33ppm (s, 2H). Spectral data matched literature
values reported by Lynett and Maly.20
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8.4.2 Synthesis of 6,7-dibromonaphthalene-2,3-diol (24).20
HO

Br

HO

Br

1,4,6,7-Tetrabromonaphthalene (4.00 g, 1 eq., 8.41 mmol) was added to a 2-neck 500-mL
round bottom flask equipped with a reflux condenser. Glacial acetic acid (80 mL) was
added and heated to dissolve. Once dissolved, tin chloride dihydrate (16.0 g, 10 eq., 84.3
mmol) was added to the mixture and it was stirred at 110 oC. Concentrated HCl (24 mL)
was slowly added to create a colourless and clear solution.

The temperature was

increased to reflux and the reaction was stirred for 2 hours. The reaction was then cooled
to room temperature and poured over crushed ice. Concentrated HCl was added (15 mL)
to afford a white precipitate. The solution was left to sit overnight and vacuum filtered to
afford a white solid (2.24 g, 85 %). 1H-NMR (400 MHz, CDCl3) δ: 7.91 (s, 2H), 7.09 (s,
2H). Spectral data matched literature values reported by Lynett and Maly.20
8.4.3

General

procedure

for

the

synthesis

of

2,3-dibromo-6,7-

bis(alkyloxy)naphthalene.20
A mixture of 2,3-dibromo-6,7-dihydroxynaphthalene, K2CO3, TBAB were added to a
250-mL single neck round bottom flask equipped with a stir bar and degassed with N2. In
a separate round bottom flask, 2-butanone (120 mL) was degassed with N2 gas for 15
minutes. 1-Bromoalkane was added to the flask containing the reagents while degassing,
then 2-butanone was dispensed via cannula transfer. The flask was equipped with a
refluxed condenser and was stirred under N2 at reflux for 3 days. The mixture was then
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cooled to room temperature and suction filtered to remove K2CO3.

Four drops of

concentrated HCl was added to the filtrate then it was washed with brine. The organic
fraction was dried under MgSO4, filtered, and concentrated under reduced pressure.
8.4.3a Synthesis of 2,3-dibromo-6,7-bis(hexyloxy)naphthalene (25a).

C6H13 O

Br

C6H13 O

Br

2,3-Dibromo-6,7-dihydroxynaphthalene (3.00 g, 1 eq., 9.44 mmol), K2CO3 (3.26 g, 2.5
eq., 23.6 mmol), TBAB (0.608 g, 20 mol %, 1.89 eq.), 1-bromohexane (3.89 g, 2.5 eq.,
23.6 mmol), 2-butanone (100 mL). Column chromatography was performed (100 %
hexanes to 95:5 hexanes/EtOAc) to yield a white solid product (2.44 g, 53 %). 1H-NMR
(400 MHz, CDCl3) δ: 7.92 (s, 2H), 6.96 (s, 2H), 4.08 (t, 4H), 1.89 (m, 4H), 1.50 (m, 4H),
1.37 (m, 8H), 0.92 (t, 6H) ppm.

13

C-NMR (100 MHz, CDCl3) δ: 150.4, 130.3, 129.2,

119.2, 106.2, 68.9, 31.5, 28.9, 25.6, 22.5, 13.9 ppm. Spectral data agrees with literature
values reported by Lynett and Maly.20
8.4.3b Synthesis of 2,3-dibromo-6,7-bis(octyloxy)naphthalene (25b).

C8H17 O

Br

C8H17 O

Br

2,3-Dibromo-6,7-dihydroxynaphthalene (3.00 g, 1 eq., 9.44 mmol), K2CO3 (3.26 g, 2.5
eq., 23.6 mmol), TBAB (0.608 g, 20 mol %, 1.89 mmol), 1-bromooctane (4.56 g, 2.5 eq.,
23.6 mmol), 2-butanone (100 mL). Column chromatography was performed (100 %
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hexanes to 95:5 hexanes/EtOAc) to yield a white solid product (3.81 g, 74 %). 1H-NMR
(400 MHz, CDCl3) δ: 7.90 (s, 2H), 6.94 (s, 2H), 4.06 (t, 4H), 1.90 (m, 4H), 1.53 (m, 4H),
1.35 (m, 16H), 0.90 (t, 6H).

13

C-NMR (100 MHz, CDCl3) δ: 150.4, 130.3, 129.1, 119.1,

106.2, 68.8, 31.7, 29.3, 29.2, 28.9, 26.0, 22.6, 14.0. Spectral data agrees with literature
values reported by Lynett and Maly.20
8.4.3c Synthesis of 2,3-dibromo-6,7-bis(decyloxy)naphthalene (25c).

C10H 21O

Br

C10H 21O

Br

2,3-Dibromo-6,7-dihydroxynaphthalene (1.06 g, 1 eq., 3.34 mmol), K2CO3 (1.15 g, 2.5
eq., 8.35 mmol), TBAB (0.215 g, 20 mol %, 0.668 eq.), 2-butanone (50 mL), 1bromodecane (1.85 g, 2.5 eq., 8.35 mmol). Column chromatography was performed
(95:5 hexanes/DCM) followed by recrystallization in acetone to yield a white solid
product (0.929 g, 46 %). 1H-NMR (400 MHz, CDCl3) δ: 7.92 (s, 2H), 6.96 (s, 2H), 4.08
(t, 4H), 1.89 (m, 4H), 1.53 (m, 4H), 1.37 (m, 24H), 0.89 (t, 6H).

13

C-NMR (100 MHz,

CDCl3) δ: 150.4, 130.3, 129.2, 119.2, 106.2, 68.9, 31.9, 29.6, 29.5, 29.4, 29.3, 28.9, 26.0,
22.7, 14.1. HRMS (EI) calcd for C30H46Br2O2 m/z 597.1937, found 597.1951.
8.4.4 General procedure for the synthesis of hexakis(akyloxy)trinaphthylene.21
In an argon filled glovebox, to an oven dried single neck flask was added 1,5cyclooctadiene and 2,2’-bipyridyl. Dry THF (0.047 M) was added and the mixture was
stirred. Bis(1,5-cyclooctadiene)nickel (0) was added to the solution to create a dark
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purple solution. The mixture was stirred at room temperature. In a separate Erlenmeyer
flask, THF was added to 2,3-dibromo-6,7-bis(akyloxy)naphthalene and stirred to
dissolved. The naphthalene was added to the stirring solution dropwise totaling the
concentration of the starting material in solvent to 0.047 M. The flask was capped and
wrapped in parafilm. The flask was removed from the glovebox and stirred overnight for
16 hours.
8.4.4a Synthesis of 2,3,8,9,14,15-hexakis(hexyloxy)trinaphthylene (30a).
OC6H13
C6H13 O

OC6H13
OC6H13

C6H13 O
OC6H13

1,5-Cyclooctadiene (0.340 g, 2.05 eq., 3.14 mmol), 2,2’-bipyridyl (0.299 g, 1.25 eq., 1.92
mmol), dry THF (28.98 g total, 0.047 M), bis(1,5-cyclooctadiene)nickel (0) (0.527 g,
1.25 eq., 1.92 mmol), 2,3-dibromo-6,7-bis(hexyloxy)naphthalene (0.745 g, 1 eq., 1.53
mmol). A silica plug was performed eluting with DCM followed by a recrystallization
from acetone to yield the product as a clear, colourless solid (0.233 g, 47 %). 1H-NMR
(400 MHz, CDCl3) δ: 8.85 (s, 6H), 7.30 (s, 6H), 4.20 (t, 12H), 1.96 (m, 12H), 1.57 (m,
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12H), 1.43 (m, 12H), 1.28 (m, 72H), 0.89, (t, 18H).

13

C-NMR (100 MHz, CDCl3) δ:

149.9, 128.7, 127.4, 120.2, 107.3, 68.9, 31.6, 29.1, 25.7, 22.6, 14.0. Spectral data agrees
with literature values reported by Lynett and Maly.20
8.4.4b Synthesis of 2,3,8,9,14,15-hexakis(octyloxy)trinaphthylene (30b).

OC8H17
C8H17 O

OC8H17
OC8H17

C8H17 O
OC8H17

1,5-Cyclooctadiene (0.290 g, 2.05 eq., 2.68 mmol), 2,2’-bipyridyl (0.255 g, 1.25 eq., 1.63
mmol), dry THF (24.71 g total, 0.047 M), bis(1,5-cyclooctadiene)nickel (0) (0.449 g,
1.25 eq., 1.63 mmol), 2,3-dibromo-6,7-bis(octyloxy)naphthalene (0.790 g, 1 eq., 1.31
mmol). A silica plug was performed eluting with DCM. Column chromatography was
performed (98:2 hexanes/Et2O) to yield an off-white solid as the pure product (0.267 g,
53 %). 1H-NMR (400 MHz, CDCl3) δ: 8.85 (s, 6H), 7.29 (s, 6H), 4.18 (t, 12H), 1.95 (m,
12H), 1.55 (m, 12H), 1.39 (m, 48H), 0.89, (t, 18H).
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13

C-NMR (100 MHz, CDCl3) δ:

149.8, 128.6, 127.2, 120.0, 107.2, 68.8, 31.8, 29.4, 29.3, 29.1, 26.1, 22.6, 14.1. Spectral
data agrees with literature values reported by Lynett and Maly.20
8.4.4c Synthesis of 2,3,8,9,14,15-hexakis(decyloxy)trinaphthylene (30c).
OC10H 21
C10H 21O

OC10H 21
OC10H 21

C10H 21O
OC10H 21
1,5-Cyclooctadiene (0.126 g, 2.05 eq., 1.17 mmol), 2,2’-bipyridyl (0.112 g, 1.25 eq.,

0.712 mmol), dry THF (10.78 g total, 0.047 M), bis(1,5-cyclooctadiene)nickel (0) (0.196
g, 1.25 eq., 0.712 mmol), 2,3-dibromo-6,7-bis(decyloxy)naphthalene (0.341 g, 1 eq.,
0.570 mmol).

A silica plug was performed eluting with DCM followed by a

recrystallization in acetone to yield the product as a colourless solid (0.115 g, 46 %). 1HNMR (400 MHz, CDCl3) δ: 8.87 (s, 6H), 7.30 (s, 6H), 4.19 (t, 12H), 1.96 (m, 12H), 1.55
(m, 12H), 1.43-1.25 (m, 72H), 0.89, (t, 18H).

13

C-NMR (100 MHz, CDCl3) δ: 149.9,

128.7, 127.3, 120.1, 107.2, 68.8, 31.9, 29.6, 29.6, 29.4, 29.3, 29.1, 26.1, 22.6, 14.0.
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8.4.4d Synthesis of 2,3,8,9,14,15-hexakis(dodecyloxy)trinaphthylene (30d).
OC12H 25
C12H 25O

OC12H 25
OC12H 25

C12H 25O
OC12H 25

1,5-Cyclooctadiene (0.224 g, 2.05 eq., 2.07 mmol), 2,2’-bipyridyl (0.197 g, 1.25 eq., 1.26
mmol), dry THF (19.10 g total, 0.047 M), bis(1,5-cyclooctadiene)nickel (0) (0.347 g,
1.25 eq., 1.26 mmol), 2,3-dibromo-6,7-bis(dodecyloxy)naphthalene (0.661 g, 1 eq., 1.01
mmol). A silica plug was performed eluting with DCM. The product was purified via
column chromatography (98:2 hexanes/Et2O) followed by a recrystallization in acetone
to yield the product as a white solid (0.021 g, 56 %).

1

H-NMR (400 MHz, CDCl3) δ:

8.85 (s, 6H), 7.29 (s, 6H), 4.19 (t, 12H), 1.96 (m, 12H), 1.57 (m, 12H), 1.43 (m, 12H),
1.28 (m, 84H), 0.89, (t, 18H).

13

C-NMR (100 MHz, CDCl3) δ: 149.9, 128.7, 127.3,

120.1, 107.3, 68.8, 31.9, 29.7, 29.6, 29.5, 29.4, 29.3, 29.3, 29.1, 26.1, 22.6, 14.1. Mp:
~108 oC.
8.4.4e Synthesis of triphenylene (28).
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1,5-Cyclooctadiene (0.188 g, 2.05 eq., 1.74 mmol), 2,2’-bipyridyl (0.165 g, 1.25 eq., 1.06
mmol), dry THF (16.04 g total, 0.047 M), bis(1,5-cyclooctadiene)nickel (0) (0.292 g,
1.25 eq., 1.06 mmol), 1.2-dibromobenzene (0.200 g, 1 eq., 0.848 mmol). A silica plug
was performed eluting with acetone, followed by column chromatography in 100%
hexanes to yield the product as a white solid (0.038 g, 59 %).

1

H-NMR (400 MHz,

CDCl3) δ: 8.67 (dd, 6H), 7.67 (dd, 6H) ppm. Spectral data matches literature values
reported by Sigma Aldrich Chemicals Company:
http://www.sigmaaldrich.com/spectra/fnmr/FNMR011569.PDF

8.4.5 General procedure for the synthesis of octakis(alkoxy)tetranaphthylene.26
In an argon filled glovebox, to an oven dried single neck flask was added 1,5cyclooctadiene (0.290 g, 2.05 eq., 2.68 mmol) and 2,2’-bipyridyl (0.255 g, 1.25 eq., 1.63
mmol).

Dry THF (12.26 g) was added and the mixture was stirred.

Bis(1,5-

cyclooctadiene)nickel (0) (0.449 g, 1.25 eq., 1.63 mmol) was added to the solution to
create a dark purple solution. The mixture was stirred at room temperature. In a separate
Erlenmeyer flask, THF (12.36 g) was added to 2,3-dibromo-6,7-bis(alkoxy)naphthalene
(0.709 g, 1 eq., 1.31 mmol) and stirred to dissolved. The naphthalene was added to the
stirred solution dropwise totaling the concentration of the starting material in solvent to
128

0.047 M. The flask was capped and wrapped in parafilm. The flask was removed from
the glovebox and stirred overnight for 16 hours. The solvent was removed under reduced
pressure and a silica plug was performed eluting with DCM.
8.4.5a Synthesis of octakis(hexyloxy)tetranaphthylene (26a).

C6H13 O

OC6H13

C6H13 O

OC6H13

C6H13 O

OC6H13

C6H13 O

OC6H13

1,5-Cyclooctadiene (0.091 g, 2.05 eq., 0.843 mmol), 2,2’-bipyridyl (0.080 g, 1.25 eq.,
0.514 mmol), dry THF (1.29 g total, 0.282 M), bis(1,5-cyclooctadiene)nickel (0) (0.141
g, 1.25 eq., 0.514 mmol), 2,3-dibromo-6,7-bis(hexyloxy)naphthalene (0.200 g, 1 eq.,
0.411 mmol). Three trials were combines followed by a silica plug eluting with DCM
followed by column chromatography (7:3 hexanes/DCM) to elute the pure product (0.039
g, 10 %). 1H-NMR (400 MHz, CDCl3) δ: 7.51 (s, 8H), 7.04 (s, 8H), 4.05 (t, 16H), 1.88
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(m, 16H), 1.48 (m, 16H), 1.35 (m, 32H), 0.89, (t, 24H).

13

C-NMR (100 MHz, CDCl3) δ:

149.5, 138.9, 128.3, 126.3, 107.6, 68.8, 31.5, 29.6, 25.6, 22.5, 13.9 ppm.
8.4.5b Synthesis of tetranaphthylene (17).

In an argon filled glovebox, to an oven dried single neck flask was added 1,5cyclooctadiene (0.352 g, 2.05 eq., 3.23 mmol) and 2,2’-bipyridyl (0.248 g, 1.25 eq., 1.98
mmol). Dry THF (5g total, 0.282 M) was added and the mixture was stirred. Bis(1,5cyclooctadiene)nickel (0) (0.456 g, 1.25 eq., 1.98 mmol) was added to the solution to
create a dark purple solution. The mixture was stirred at room temperature. In a separate
Erlenmeyer flask, THF was added to 2,3-dibromonaphthalene (0.453 g, 1 eq., 1.59 mmol)
and stirred to dissolved. The naphthalene was added to the stirring solution dropwise
totaling the concentration of the starting material in solvent to 0.282 M. The flask was
capped and wrapped in parafilm. The flask was removed from the glovebox and stirred
overnight for 16 hours. The solvent was removed under reduced pressure and a silica
plug was performed eluting with EtOAc. The crude mixture was purified via column
chromatography (100 % hexanes) to yield a white solid (0.024 g, 12 %). 1H-NMR (400
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MHz, CDCl3) δ: 7.88 (dd, 8H), 7.83 (s, 8H) 7.46 (dd, 8H). Spectral data agrees with
literature values reported by Wong et al.66
8.4.5c Synthesis of tetraphenylene (29).

1,5-Cyclooctadiene (0.188 g, 2.05 eq., 1.74 mmol), 2,2’-bipyridyl (0.166 g, 1.25 eq., 1.06
mmol), dry THF (2.67 g total, 0.282 M), Bis(1,5-cyclooctadiene)nickel (0) (0.291 g, 1.25
eq., 1.06 mmol), 1.2,-dibromobenzene (0.200 g, 1 eq., 0.848 mmol). A silica plug was
performed eluting with acetone.

The crude mixture was purified via column

chromatography (100 % hexanes) to yield a white solid (0.010 g, 17 %). 1H-NMR (400
MHz, CDCl3) δ: 7.28 (dd, 8H), 7.16 (dd, 8H). Spectral data agrees with literature values
reported by Sigma Aldrich Chemicals Company:
http://www.sigmaaldrich.com/spectra/fnmr/FNMR008786.PDF)
8.4.6

General procedure for the syntheses of 1,4,7,10,13,16-hexabromo-

2,3,8,9,14,15-hexakis(alkyloxy)trinaphthylenes.
A solution of hexakis(alkyloxy)trinaphthylene in ~10 mL of CHCl3 was stirred at room
temperature. Neat bromine (6.5 eq.) was added dropwise, and the solution was capped
and stirred at room temperature overnight. The solution was then washed with aqueous
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Na2S2O3, followed by water, then brine. The organic phase was dried over MgSO4,
filtered, and the solvent was evaporated by reduced pressure.
8.4.6a

Synthesis

of

1,4,7,10,13,16-hexabromo-2,3,8,9,14,15-

hexakis(hexyloxy)trinaphthylene (31a).

C6H13 O

OC6H13
Br

Br

Br
OC6H13
OC6H13

Br
C6H13 O

Br
Br
OC6H13

Hexakis(hexyloxy)trinaphthylene (0.233 g, 1 eq., 0.238 mmol), bromine (0.078 mL, 6.6
eq., 1.57 mmol). Column chromatography was performed (7:3 hexanes/DCM) followed
by a recrystallization from EtOAc to yield the product as a yellow, sticky liquid crystal
(0.068 g, 27 %).

1

H-NMR (400 MHz, CDCl3) δ: 9.54 (s, 6H), 4.22 (t, 12H), 1.97 (m,

12H), 1.60 (m, 12H), 1.41 (m, 24H), 0.95, (t, 18H).

13

C-NMR (100 MHz, CDCl3) δ:

150.5, 129.1, 128.5, 122.3, 116.3, 74.5, 31.8, 30.4, 25.9, 22.7, 14.1.

132

8.4.6b

Synthesis

of

1,4,7,10,13,16-hexabromo-2,3,8,9,14,15-hexakis-

(octyloxy)trinaphthylene (31b).

C8H17 O

OC8H17
Br

Br

Br
OC8H17
OC8H17

Br
C8H17 O

Br
Br
OC8H17

Hexakis(octyloxy)trinaphthylene (0.312 g, 1 eq., 0.272 mmol), bromine (0.09 mL, 6.6
eq., 1.80 mmol). The crude product was recrystallized from EtOAc to yield a yellow
liquid crystal (0.182 g, 41 %). 1H-NMR (400 MHz, CDCl3) δ: 9.29 (s, 6H), 4.23 (t, 12H),
1.98 (m, 12H), 1.64 (m, 12H), 1.47 (m, 24H), 0.92, (t, 18H).

13

C-NMR (100 MHz,

CDCl3) δ: 150.4, 128.9, 128.3, 122.1, 116.2, 74.4, 31.9, 30.4, 29.6, 29.4, 26.2, 22.7, 14.1.
8.4.6c

Synthesis

of

1,4,7,10,13,16-hexabromo-2,3,8,9,14,15-

hexakis(decyloxy)trinaphthylene (31c).

C10H 21O

OC10H 21
Br

Br

Br
OC10H 21
OC10H 21

Br

Br
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C10H 21O

Br
OC10H 21

Hexakis(decyloxy)trinaphthylene (0.146 g, 1 eq., 0.105 mmol), bromine (0.036 mL, 6.6
eq., 0.692 mmol). The crude product was recrystallized from EtOAc to yield a yellow
liquid crystal (0.083 g, 44 %). 1H-NMR (400 MHz, CDCl3) δ: 8.72 (s, 6H), 4.24 (t, 12H),
1.97 (m, 12H), 1.66 (m, 12H), 1.46 (m, 72H), 0.94, (t, 18H).

13

C-NMR (100 MHz,

CDCl3) δ: 150.2, 128.7, 128.1, 121.9, 116.1, 74.4, 31.9, 30.5, 29.8, 29.7, 29.4, 29.4, 26.3,
22.7, 14.1. HRMS (EI) calcd for C90H132Br6O6 m/z 1724.50230, found 1724.51110.
8.4.6d

Synthesis

of

1,4,7,10,13,16-hexabromo-2,3,8,9,14,15-

hexakis(dodecyloxy)trinaphthylene (31d).

C12H 25O

OC12H 25
Br

Br

Br
OC12H 25
OC12H 25

Br
C12H 25O

Br
Br
OC12H 25

Hexakis(dodecyloxy)trinaphthylene (0.209 g, 1 eq., 0.141 mmol), bromine (0.05 mL, 6.6
eq., 0.928 mmol). The crude product was recrystallized from EtOAc to yield a yellow
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liquid crystal (0.179 g, 65 %). 1H-NMR (400 MHz, CDCl3) δ: 9.20 (s, 6H), 4.23 (t, 12H),
1.96 (m, 12H), 1.61 (m, 12H), 1.40 (m, 96H), 0.89 (t, 18H).

13

C-NMR (100 MHz,

CDCl3) δ: 150.5, 129.1, 128.6, 122.5, 116.2, 74.5, 31.9, 30.4, 29.7, 29.7, 29.7, 29.6, 29.3,
26.2, 22.6, 14.1.
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